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Abstract 
Billions of animals across a wide range of animal taxa have evolved to migrate around the 
globe. However, under rapid global change migrants have experienced serious population 
declines, notably the long-distance migratory shorebirds (waders) migrating along the East 
Asian-Australasian Flyway (EAAF). The decline along the EAAF has been primarily attributed 
to the habitat deterioration and habitat loss at the major stopover sites in the Yellow Sea, but 
could also be attributed to other factors such as predation, contamination and rapid global 
climate change, both at their breeding grounds and non-breeding grounds. To assist 
optimizing conservation efforts and try to avoid species decline, detailed information on 
migration behaviour and its response to global change is urgently needed. This thesis uses 
relatively large intra-specific (Ruddy Turnstone [Arenaria interpres]) and inter-specific (seven 
shorebird species along the EAAF) datasets to analyse thus far largely unexplored aspects of 
the migratory behaviour of these shorebirds. 
In Chapter 2, using a large number of individual tracks of Ruddy Turnstone from three 
non-breeding (i.e. wintering) populations, we present detailed information on population 
specific time and space use during both pre- and post-breeding migration. The three wintering 
populations showed marked difference in time and space use during both pre- and post-
breeding migration. This highlights that although belonging to one species and wintering 
within a small geographic range, populations can potentially be exposed to different threats 
and thus require a population specific conservation plan. This study also identified a number 
of major stopover sites whose importance had thus far been underestimated, notably along 
the southern East Asian coast. 
Under rapid global change, many migrants have changed their migration behaviours. 
However, few studies have investigated the changes in both time and space use during 
migration. Using individual tracks of Ruddy Turnstone, we investigated their time and 
stopover site use along the entire migratory pathway and how these changed over a seven-
year period between 2009 and 2015 (Chapter 3). Using repeated tracks, we also estimated 
individual repeatability and individual consistency between years and we evaluated the 
potential roles of microevolution and phenotypic flexibility as drivers for the observed 
changes in migratory behaviour at the population level. We showed that Ruddy Turnstones 
have considerably advanced pre-breeding migration departure and arrival dates over the 
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seven-year period. They also showed some changes in stopover site use within their key 
stopover regions along the East Asian coast. Individuals showed relatively high repeatability 
in both time and site use during migration. This suggests microevolution to be at the base of 
these changes in migration behaviour. However, we did observe some apparent individual 
phenotypic flexibility leading to advanced pre-breeding migration phenology, but these 
results might also reflect a temporal geolocator effect. Individuals showed limited flexibility 
in site use and have thus contributed little to the population shift in stopover site use, which 
might thus have been driven by microevolution.  
 In Chapter 4, using individual tracking data across seven shorebird species, we 
investigated how size plays a role in shaping migration behaviour during pre-breeding 
migration, when birds are particularly expected to maximise their migration speed (migration 
distance divided by migration duration, including both flight and stopover) to achieve a timely 
arrival on their breeding grounds (“time-minimization” strategy). We found a clear decline 
with size in migration speed and migration timing. Differential, size-related capabilities and 
constraints of migration may have a bearing on their vulnerability to specific environmental 
disturbances along their flyways. 
 Whereas a time-minimization strategy is considered to be preferentially used by 
migrants during pre-breeding migration, an energy- (or risk-) minimization strategy is thought 
to be used during post-breeding migration. We tested this hypothesis by using individual 
tracking data across six shorebird species in Chapter 5. Additionally, given the size-related 
constraints in migration, and notably the reduced migration speed in large species (Chapter 
4), we predicted that large species not only adopt a time-minimization strategy during pre-
breeding migration but also during post-breeding migration. Indeed, our study strongly 
supports that larger shorebirds are under higher time selection pressure during pre-breeding 
migration. In addition, the seasonal difference in migration speed declined with body size, 
supporting our prediction that large species are potentially time constrained during both 
migration seasons. The generally high time pressure during pre-breeding migration implies 
that any adverse conditions experienced along the migration pathway can potentially affect 
their timely arrival at the breeding grounds and ultimately affect breeding success. Such 
effects may be equally pronounced during both migration seasons for large species.   
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Every year billions of animals across many taxa migrate around the globe, including mammals, 
birds, fishes, reptiles, insects and crustaceans. Some extraordinary examples of migration 
include that of the Arctic Tern (Sterna paradisaea) migrating a distance equivalent to the 
distance to the moon and back as many as three times during their lifetime (Egevang et al. 
2010). Another spectacular feat of another dimension is achieved by the Bar-tailed Godwit 
(Limosa lapponica) flying over 10,000 km non-stop for 8 days from Alaska to New Zealand 
(Battley et al. 2012). No wonder, migration has long been a mystery and has fascinated people 
for generations.  
Migration has evolved to capitalise on spatial and temporal variations in safety and 
resources to ultimately maximize fitness (Alerstam et al. 2003; Hedenström 2008). For flying 
migrants, a long-distance migration often consists of short-duration movements interspersed 
with periods of refuelling/resting at so-called “stopover sites” (Hedenström & Alerstam 1997; 
Mettke-Hofmann et al. 2005; Battley et al. 2012). The functional use of these stopover sites 
may vary. Some are used by large numbers of individuals for an extended period of time and 
allow for the deposition of substantial fuel loads before the next flight; while others may be 
of limited importance, harbouring only small numbers of individuals, staying for a short period 
of time for resting and depositing only small amounts of fuel (Warnock 2010). But they are all 
stopover sites that may potentially be critical to the success of the migrant that makes use of 
them (Ma et al. 2013). The importance of some stopover sites need not be immediately 
evident. Conditions experienced at one site or in one season can frequently influence 
individuals’ performance in subsequent sites or seasons, a phenomenon often called “carry-
over effect” (Norris 2005; Harrison et al. 2011). A successful migration that ultimately results 
in successful breeding on the breeding grounds or a high chance of survival on the wintering 
grounds thus requires a chain of stopover sites of sufficient quality. Identifying the critically 
important stopover sites that form a “robust chain” and evaluating when and how long they 
are being used is fundamental in assisting and prioritising conservation efforts (Runge et al. 
2014). Although it may sometimes be difficult to call whether a site is critical or not, generally 
speaking the likeliness of a site being key to the migrant increases with the duration of stay 
there, the proportion of individuals using the site and its spatial isolation from other 
alternative destinations (Warnock 2010). 
Traditionally, such key stopover sites have been identified using numbers of migrants 
counted, the linkage between those sites being delineated using observations of ringed, 
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colour-banded or leg-flagged individuals. Although this has generated valuable information 
on migration (Fiedler 2003; Newton 2010; Minton et al. 2011), such information can be 
biased. For instance, sites receiving extensive survey efforts can be overrepresented while 
sites with little or no survey efforts can be underrepresented or even missed (Lisovski et al. 
2016). The functional use and importance of stopover sites can also be biased by exclusive 
reliance on birds count data. For instance, the migration period of Great Knot (Calidris 
tenuirostris) at Chongming Dongtan lasts for an entire month, yet, the length of stay for 
individual birds is not more than three days (Ma et al. 2013). 
Accurate identification of key stopover sites is a critical first step for conservation, 
especially for flyways in jeopardy, such as the East Asian-Australasian Flyway (EAAF). This 
flyway encompasses 22 countries running from New Zealand and Australia in the south, via 
tropical islands such as Malaysia and the Philippines, via East Asia, to the Russian Arctic and 
Alaska in the far north (inset Figure 1). This flyway supports the highest number of shorebird 
species and individuals of any flyway, with an estimated five million individuals across 58 
species (Wilson 2003; Stroud et al. 2006). Unfortunately, shorebirds along this flyway have 
also experienced one of the world’s most serious population declines. For 25 shorebird 
species for which population-trend data are available, 22 (88%) have declined in numbers 
(Wetlands International 2012). In this flyway the Yellow Sea has been identified as a major 
and critical stopover region for many shorebirds, with as many as 37 sites that meet the 
Ramsar criterion (Figure 1) (Barter et al. 2004; Hua et al. 2015). However, information on 
stopover site use outside the Yellow Sea and elsewhere along the flyway is limited. 
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Figure 1. Map showing the location of the Yellow Sea region, which is located between the 
east coast of China and the west coast of the Korean Peninsula. Thirty-seven sites along the 
coast of the Yellow Sea meet the 1% Ramsar site criterion (i.e. are visited by >1% of the total 
population in the flyway). The inset shows the geographic range of the East Asian-Australasian 
Flyway (Figure 1 from Hua et al. 2015). 
 
Besides the identification of important sites, investigating migration strategies provides 
additional information to identify constraints on migration. Pre-breeding migration (from the 
non-breeding grounds, or the wintering grounds, to the breeding grounds) and post-breeding 
migration (vice versa) have been considered to be under different selection pressures 
(McNamara et al. 1998) with animals potentially adopting different migration strategies 
during the two seasons (Alerstam & Lindström 1990; Hedenström & Alerstam 1997). During 
pre-breeding migration, optimal timing of arrival at the breeding grounds, such as to match 
peak demand with the local resource peak, may be critical for breeding success (Møller 1994; 
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Bety et al. 2004). Moreover, under competition, arriving within the optimal time window 
ahead of conspecifics may offer additional fitness advantages (Kokko 1999; Moore et al. 
2005). Under such high time pressure, animals may adopt a “time-minimization” strategy 
(Alerstam & Lindström 1990; Hedenström & Alerstam 1997). Conversely, a timely arrival at 
the wintering grounds has far fewer direct fitness consequences (McNamara & Houston 
2008), although a timely arrival potentially benefits moult and the establishment of territories 
in territorial species (Holmgren & Hedenström 1995). Although virtually all stopover and 
wintering sites will vary in resource availability over time, these variations may be less 
pronounced and have lower fitness consequences during post- compared to pre-breeding 
migration, post-breeding migration generally being considered to be under far less time 
selection (Drent et al. 2003). Without this high time pressure during post-breeding migration, 
individuals may be more selected to optimize energy (or safety) rather than time and follow 
an “energy-minimization” strategy. 
The recent development of tracking devices, such as GPS transmitters and light-level 
geolocators, offers ecologists the opportunity to track individual animals along their entire 
migratory route (Bridge et al. 2011; Bridge et al. 2013). In recent decades, the number of 
individual migration ‘tracks’ has therewith increased rapidly and has greatly assisted in 
enriching migration theory, providing novel insights into individual migration routes and 
timing (e.g. Robinson et al. 2009; Sergio et al. 2014; Hobson & Kardynal 2015; Lindström et 
al. 2015). Also along the EAAF a number of migration studies have been conducted (e.g., Bar-
tailed Godwit (Conklin et al. 2010; Battley et al. 2012; Gill et al. 2014), Ruddy Turnstone 
(Arenaria interpres) (Minton et al. 2010) Sanderling (Calidris alba) (Lisovski et al. 2016), 
Eastern Curlew (Numenius madagascariensis) (Minton & Gosbell 2011), Greater Sandplover 
(Charadrius leschenaultia) (Minton et al. 2010), Pacific Golden Plover (Pluvialis fulva) (Johnson 
et al. 2011; Johnson et al. 2012) and Red Knot (Tomkovich et al. 2013). These studies have 
revealed fascinating additional insights in the species’ and populations’ migratory pathways, 
breeding grounds and migratory behaviour. Partially building on those studies and the 
opportunities offered by the surge in tracking data, in this thesis I use relatively large intra-
specific (Ruddy Turnstone) and inter-specific (up to seven shorebird species along the EAAF) 
datasets to analyse thus far largely unexplored aspects of the migratory behaviour of these 
shorebirds. To help identify critical stopover sites for conservation these include detailed 
analyses of stopover site use and timing of migration, and how these vary between wintering 
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populations over the years, along the rapidly changing EAAF. To assist in understanding 
interspecific differences in migratory constraints and possibly elucidate differences in 
conservation status, I also compare the migration ecology of different populations using the 
EAAF.  
In the following chapter, Chapter 2, using a large number of individual tracks of the 
long-distance migratory Ruddy Turnstone, I and my collaborators present detailed 
information on Ruddy Turnstone’s time and space use during both pre- and post-breeding 
migration. A thorough understanding of time and space use is an important first step towards 
a conservation management plan. But would such a plan be useful for all Ruddy Turnstones 
that overwinter in Australia? To address this question and in contrast to many other studies 
to date (but see examples in Mosbech et al. 2006; Johnson et al. 2010; Johnson et al. 2012; 
Martell et al. 2014; Olson et al. 2014; Page et al. 2014; Trierweiler et al. 2014) we studied how 
Ruddy Turnstone’s migration behaviour varied across three different wintering populations 
in south-east Australia.  
One of the most pronounced features of climate change is global warming, which has 
advanced most rapidly at high latitudes compared to low latitudes (Figure 2), a phenomena 
coined Arctic amplification (Screen & Simmonds 2010; Comiso & Hall 2014). As a 
consequence, the timing of resources in the Arctic, which serve as breeding grounds for many 
migratory shorebirds, has advanced relative to resource availability at the wintering grounds 
and stopover sites at lower latitudes. In addition to climate change, the timing and abundance 
of resources has locally been further modified by changes in land use (Pielke et al. 2002; 
Kalnay & Cai 2003; Cumming et al. 2014). In the face of these diverse and unsynchronized 
changes along their routes, maintaining an optimal use of the available resources along their 
migration pathway may be particularly challenging for long-distance migrants.  
Many species and populations have changed their migration behaviours in response 
to climate and other environmental changes, including modifications in migration phenology, 
migration routes, and shifts in wintering and breeding grounds (see reviews in Fiedler 2003 
and Knudsen et al. 2011). Investigating how long-distance migrants have changed their time 
and space use along the flyway may assist us in identifying the constraints in their migratory 
behaviour and the causes of their population declines. Most studies to date have been limited 
to describing changes in a few aspects of migratory behaviour only. More holistic approaches 
where both the temporal and spatial organisation of migration along the entire migration 
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route are studied are few (but see, e.g. Alerstam et al. 2006; Lemke et al. 2013; Senner et al. 
2014; Briedis et al. 2016), and no studies have investigated the changes in both time and 
space use during migration.  
 
 
Figure 2. Change of mean surface air temperature over the period 1960 to 2011. Colour 
shades indicate extent of temperature change over the five decades. The warming is more 
pronounced across much of the Arctic (2° C) than for other parts of the globe. The inset shows 
linear trends over this time period by latitude (from National Snow and Ice Data Center 2016). 
 
On top of the knowledge on changes in migration behaviour in relation to 
environmental change, understanding the underlying mechanisms that drive those changes 
may be equally important. Population changes can be driven by phenotypic flexibility, where 
an individual changes its migratory behaviours from year to year. Alternatively, or 
additionally, the changes can result from microevolution, where allele frequencies of genes 
ruling migratory behaviour change from generation to generation. Given that shorebirds have 
a long life expectancy (often > 10 years) and low breeding success (percentage of first year 
birds: 11-58%, Minton et al. 2009), the population turnover is relatively low. 
Microevolutionary processes would therefore possibly be too slow to keep up with the rapid 
environmental changes that the birds are currently facing (Gienapp et al. 2007; Lindström et 
al. 2014). Individual flexibility might then serve as a quick alternative solution.  
Disentangling the role of individual flexibility versus microevolution in population 
change is thus crucial for understanding and predicting population dynamics, and aiding in 
making effective conservation plans. In Chapter 3, using individual tracks of Ruddy Turnstone, 
we investigated their time and stopover site use along the entire migratory pathway and how 
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these changed over a seven-year period between 2009 and 2015. Using repeated tracks, we 
also estimated individual repeatability and individual consistency between years and we 
evaluated the potential roles of microevolution and phenotypic flexibility as drivers for the 
observed changes in migratory behaviour at the population level. Given that pre- and post-
breeding migration might be under different time-and-energy selection pressures, we studied 
these aspects separately for both migration seasons. 
Case studies focusing on individual species provide valuable information to increase 
our understanding of migration ecology. Species and populations, however, may differ 
considerably in migration characteristics, e.g. migration distance, flight range, number of 
stopover sites used and migration speed. Syntheses of information across species may enable 
us to identify global migration patterns. Body size dictates nearly everything from an animal's 
appearance to its physiology and behaviour (Bonner 2011) and may therewith also dictate 
animals’ vulnerability to global change (Cardillo et al. 2005; Schipper et al. 2008; Woodward 
et al. 2012). Around the world, some magnificent animal migrations have already disappeared 
due to human activities and many are in steep decline (Wilcove & Wikelski 2008). 
Understanding the size-related, allometric, potentials and constraints on migration 
behaviours is fundamental for developing migration theory and may be of importance for the 
conservation of migratory species, since migrants’ vulnerability to environmental change may 
vary with size (Lindström et al. 2014). Body size has been considered to play an important role 
in migratory behaviours, such as flying speed (Pennycuick 1975), fuelling rate (Lindström 
2003), maximum step or leg length (Hedenström 2006) and overall migration speed 
(Hedenström & Alerstam 1998). The scaling of migration behaviours is fundamental to our 
understanding of migration decisions. For instance, overall migration speed, which is defined 
as the total migration distance divided by the total migration duration including both time in 
flight and time at stopover sites, are predicted to scale negatively with size (Lindström 1991; 
Hedenström & Alerstam 1998). Migration distance in this case would be constrained in large 
birds given its reduced migration speed and the high time selection pressure during pre-
breeding migration (i.e. time-minimization strategy) (Hedenström & Alerstam 1998; 
Hedenström 2008). Studies investigating scaling predictions for migratory behaviour have 
been limited and the evidence controversial (e.g. Ellegren 1993; La Sorte et al. 2013). One 
possible cause for the controversy stems from the use of ringing or resighting data, yielding 
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potentially biased information, such as an underestimate of migration speed (Strandberg et 
al. 2009).  
With the decreasing cost of tracking device, individual tacking studies are rapidly 
accumulating, and the shrinking weight of tracking device makes tracking small sized species 
ever more possible, thus allowing us to test size-related hypotheses on migratory behaviour. 
In Chapter 4, using individual tracks from seven shorebird species migrating along the EAAF, 
we investigated how overall migration speed and other migratory behaviours scale with body 
size during pre-breeding migration, and discussed the role of body size in constraining 
migratory behaviours and making species more or less vulnerable to environmental change. 
Besides migration, body size is also an important determinant of other major life 
history events, i.e. breeding, moult and migration, which generally take more time in large 
compared to small species (Hedenström 2008). To fit all these four major events into the 
annual cycle, it has been argued that, throughout the year, large migrants might potentially 
be more time constrained than small ones (Hedenström 2006). Thus, we propose that large 
species may not only adopt a time-minimization strategy during pre-breeding migration, but 
also during post-breeding migration. Using six shorebird species migrating along the EAAF, in 
Chapter 5 we firstly tested the hypothesis that migrants generally adopt a time-minimization 
strategy during pre- compared to post-breeding migration by comparing the seasonal 
difference in migratory behaviours. Next, we tested the hypothesis that large species adopt a 
time-minimization during both pre- and post-breeding duration by examining if the seasonal 
difference is declining with body size.  
In Chapter 6 I integrate the findings from the preceding chapters and discuss the 
studies’ limitations and conservation implications, and suggest directions for future research. 
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Abstract 
Identification of migratory routes and notably stopover sites along the routes is of 
importance to evaluate the ecological role of migrants and to guide their conservation. We 
used a large number of individual tracks of Ruddy Turnstones (Arenaria interpres), from three 
non-breeding (i.e. wintering) populations in south-east Australia to build a comprehensive 
understanding of these populations’ spatial and temporal migratory behaviour during pre- (n 
= 67) and post-breeding (n = 63) migration along the East Asian-Australasian Flyway. We 
identified a chain of key stopover regions of which the importance of some had previously 
been underestimated, notably of the southern East Asian coast (mainly along the Taiwan and 
Fujian coast) during pre-breeding migration. The synchronisation in timing and space use was 
most pronounced during pre- compared to post-breeding migration, indicating Ruddy 
Turnstones are under higher time selection pressure on their way towards the breeding 
grounds. There were no discernible differences in migratory behaviours between the sexes 
except in post-breeding departure date, but the three wintering populations significantly 
differed in migration timing and stopover site use. Our study thus emphasizes that even at 
relatively small spatial scales (here in terms of distances between non-breeding populations) 
patterns of migratory connectivity may exist, with each population exhibiting unique 
migration patterns, potentially requiring different conservation efforts. Such conservation 
efforts targeting endangered non-breeding and stopover sites should notably be considered 
for sites used during migration towards the breeding grounds since little tolerance in 
alternative timing and site use is allowed during this period.     
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Introduction 
A wide range of animal taxa have evolved migratory behaviours that allow them to capitalise 
on spatial and temporal variations in safety and resources to ultimately maximize fitness 
(Alerstam et al. 2003; Hedenström 2008). For flying migrants, such as long-distance migratory 
birds, migration often consists of short-duration movements interspersed with extended 
periods of refuelling at so-called “stopover sites” (Hedenström & Alerstam 1997; Battley et 
al. 2012). As a result, a large portion of any migration route is simply “flown over”, with little 
or no ecological interaction as a result of the passage of migrants. Stopover sites, on the other 
hand, can show significant ecological coupling despite the long-distances between them 
(Bauer & Hoye 2014). Detailed understanding of the spatial and temporal components of 
animal migration is therefore pivotal to assessing the potential for ecological interactions 
along a flyway.  
Spatial and temporal understanding of site use is also crucial to quantifying the 
importance of different locations for the conservation of migratory behaviour. Migrants use 
multiple stopover sites connecting their entire migration. Coping with many simultaneous 
changes along the migration route may be particularly challenging and over half of migratory 
species have declined over the past decades (Kirby et al. 2008; Wilcove & Wikelski 2008). 
Indeed, in a recent review on migratory birds, 91% of migratory species were shown to have 
an inadequate protection of the chain of sites on which they rely to complete their annual 
cycle (Runge et al. 2015). Making sure to provide protection to migratory animals in all areas 
on which they rely to successfully complete a full annual or life cycle is crucial to avert species 
loss (Venter et al. 2014). Identifying the important areas and evaluating when and how long 
they are being used is fundamental in assisting and prioritising such conservation efforts 
(Runge et al. 2014). 
Traditionally, migration routes and key stopover sites have been identified based on the 
number of migrants counted and on the observations of ringed, colour-banded or leg-flagged 
individuals. Although this has generated valuable information on migration (Fiedler 2003; 
Newton 2010; Minton et al. 2011b), such information, notably identification of stopover sites, 
can be biased by disproportionate observation efforts between sites. Sites receiving extensive 
survey efforts can be overrepresented, while sites with little or no survey efforts being 
underrepresented or even missed entirely as important stopover sites (Lisovski et al. 2016).  
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The recent development of tracking devices, such as GPS transmitters and light-level 
geolocators, offers ecologists the opportunity to track individuals across their entire migration 
route (Bridge et al. 2011; Bridge et al. 2013). In recent decades, the number of individual 
migration ‘tracks’ has therefore increased rapidly and assisted in greatly enriching migration 
theory, providing novel insights into individual migration routes and timing (e.g. Robinson et 
al. 2009; Sergio et al. 2014; Hobson & Kardynal 2015; Lindström et al. 2015). However, thus 
far our understanding of stopover site use during migration is still limited for many species, 
particularly so from across multiple populations, given that most studies have focused on a 
single breeding or non-breeding population (but see examples in Mosbech et al. 2006; 
Johnson et al. 2010; Johnson et al. 2012; Martell et al. 2014; Olson et al. 2014; Page et al. 
2014; Trierweiler et al. 2014). Comparing migration ecology of different populations using the 
same flyway may identify differential ecological roles of, and conservation risks to, 
populations and provide insights into how migration performance is linked with population 
status.  
To what extent individual tracking can predict population movement can be affected by 
factors such as habitat preference and the abundance and spatial distribution pattern of 
suitable habitat (Holdo & Roach 2013), as well as inter-annual variations in weather and 
resource conditions. Inferring population movements from individual tracks has thus been 
suggested to require tracking of at least 20-30+ individuals (Lindberg & Walker 2007; 
Hebblewhite & Haydon 2010; Fossette et al. 2014). Such sample sizes have rarely been 
realized by current tracking studies (but see Senner et al. 2014; Sergio et al. 2014; Stanley et 
al. 2015).  
In this paper we present a case study on Ruddy Turnstone (Arenaria interpres), a long-
distance migratory shorebird migrating along the East Asian-Australasian Flyway (EAAF). We 
used light-level geolocators to track a large number (n = 67 and 63 for pre- and post-breeding, 
respectively) of individuals from three non-breeding (hereafter wintering) populations over a 
seven-year period (2009-2015) in order to assess the temporal and spatial use of this flyway 
during both pre- and post-breeding migrations.  
Studying migrations along the EAAF offers a few advantages. First, many long-distance 
migratory species have been experiencing serious declines (Sanderson et al. 2006; Pearce-
Higgins et al. 2015), and shorebirds along the EAAF have shown some of the greatest declines 
to date. Migratory shorebird numbers in eastern Australia have declined by as much as 73% 
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between 1983 and 2006 (Nebel et al. 2008), and populations have declined by up to 10% 
annually between 1992 and 2008 (Wilson et al. 2011; Wetlands International 2012). Given 
the dire situation they are facing, a large number of migration studies along this flyway have 
already been conducted, although sample sizes have thus far been limited. Four studies have 
reported on the movements of 10-19 individuals of four different species; Bar-tailed Godwit 
(Limosa lapponica) (Conklin et al. 2010; Battley et al. 2012), Ruddy Turnstone (Minton et al. 
2010), Pacific Golden Plover (Pluvialis fulva) (Johnson et al. 2011; Johnson et al. 2012) and 
Sanderling (Calidris alba) (Lisovski et al. 2016), while three earlier studies report on the 
migrations of 2-5 individuals of three more species; Far Eastern Curlew (Numenius 
madagascariensis) (Minton & Gosbell 2011b), Greater Sandplover (Charadrius leschenaultia) 
(Minton et al. 2010) and Red Knot (Calidris canutus) (Tomkovich et al. 2013). Despite their 
limited sample size, all these studies have filled caveats in our understanding of the species’ 
and populations’ migratory pathways, breeding grounds and migratory behaviours. However, 
to allow for a detailed understanding of the migratory behaviour of these populations of 
which these individuals form part, larger sample sizes are required. Especially for flyways in 
jeopardy, such as the EAAF, identifying constraints on migration through a detailed study of 
the spatial-temporal migration patterns of a large number of individual tracks may assist 
effective species conservation (Newton 2010).  
Ruddy Turnstone serves as an excellent model species for three reasons relating to their 
abundance, distribution in wintering populations and their high fidelity at their wintering 
sites. First, it is a globally distributed species, utilising a number of different migratory flyways. 
It is also one of the more numerous species inhabiting the EAAF (BirdLife International 2012). 
Second, along the EAAF, Ruddy Turnstones use multiple wintering sites (BirdLife International 
2012), thus offering the opportunity for comparing migration ecology across populations. And 
finally, the majority of shorebird species are small bodied, like the Ruddy Turnstone, and 
therefore low-weight light-level geolocators (hereafter geolocator) are the most feasible way 
to track their migratory movements throughout the annual cycle. Collecting data from 
geolocators requires retrieval of the loggers, however Ruddy Turnstones have been shown to 
have high site fidelity and high recapture rates at their wintering sites (up to 53%) (Jessop 
2015), therefore tracking the movements of a large number of individuals is feasible.  
Using a large number of individual tracks of the long-distance migratory Ruddy 
Turnstone, we here present detailed information on its time and space use during both pre- 
 25 
 
and post-breeding migration. Initial results of two Ruddy Turnstone tracks recorded in 2009 
were published by Minton et al. (2010), and another 10 tracks recorded in 2010 were 
published by Minton et al. (2011a), which represents the first studies shedding light on the 
migration of this species along the EAAF. Building on these studies by integrating a larger 
number of Ruddy Turnstone tracks, we first present the general migration patterns in 
migration timing, flying route and major stopover regions connecting the entire flyway. 
Subsequently, we compare how these migration patterns differ between three wintering 
populations. Finally, since pre-breeding and post-breeding migration is proposed to be under 
differential time selection potentially resulting in different migration strategies, (Alerstam & 
Lindström 1990; Hedenström & Alerstam 1997) we also discuss the seasonal difference in 
migration performance.  
Methods 
Animal capture and geolocator deployment 
All Ruddy Turnstones were captured during the end of each wintering seasons (between 
February and May) in 2009-2015, except for three individuals that were recaptured during 
the months of November and December. Birds were captured at three locations in Australia: 
King Island, Tasmania (143.90E, 400S); Barwon Heads and Flinders, Victoria (1450E, 38.50S); 
and on the Limestone Coast in the southeast of South Australia (140.70E, 380S) (see map in 
Figure S1, Appendix). Hereafter they were referred to as King Island, Flinders and Limestone 
Coast birds, respectively. King Island is about 150 km south of Flinders and 350 km southeast 
of the Limestone Coast, the Limestone Coast being 380 km northwest of Flinders. Starting in 
2007, annual counts on King Island estimated a wintering population size of 800-900 Ruddy 
Turnstones, which has since decreased to about 600. Less frequent counts along the 
Limestone Coast have been conducted since 1993, where the number of Ruddy Turnstones 
has been estimated to 800-1000 individuals. Finally, since 1996, weekly counts during the 
wintering season at Flinders found around 75 individuals until 2010, after which numbers 
dropped to 10-20 individuals (VWSG, personal communication). 
Ruddy Turnstones were captured by cannon net at high tide roosts or feeding locations 
on ocean shores. Each individual was banded with a metal ring and its body mass, wing length, 
bill length, and head + bill length were measured. Individual age and sex was determined on 
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birds caught in March and April based on plumage characteristics (Higgins & Davies 1996). 
Sex was later validated in a sample of birds by molecular method using the forward primer 
F2550 and reverse primer R2718 following Griffiths et al. (1998). The agreement between 
plumage sex and molecular sex was 94% (29 out of 31). Thus for birds where we lacked 
molecular sex data, plumage sex was used (i.e. n = 27 birds ultimately used in this study).  
A total of 309 geolocators were deployed on Ruddy Turnstones, with all but seven 
individuals being > 1-year-old. Geolocators were attached with a plastic leg-flag using epoxy 
resin and reinforced using a double Kevlar string thread. The leg-flag together with the 
attached geolocator was placed to the left tibia of the birds. Detailed attachment methods 
were described in Minton et al. (2010). Four geolocator models from different manufactures 
have been used over the course of data collection. Before 2012, BAStag and Biotrack from 
British Antarctic Survey (BAS) were used. In 2010, Swiss Ornithological Institute geolocators 
were also trialed (Minton 2010a). From 2013 onwards, Intigeo geolocators from Migrate 
Technology were predominantly used, together with Biotrack. All geolocator models together 
with leg-flag weighed less than 1.1g, representing <1% of their departure body mass (150–
180g). Previous investigation as part of this project showed that geolocators had little impact 
on Ruddy Turnstone return rate in the subsequent year (Minton et al. 2011a; Weiser et al. 
2016). By May 2015, 128 tracks were retrieved (overall retrieval rate 41%; 40% from both King 
Island and Limestone Coast, and 53% from Flinders). Thirty of the retrieved geolocators failed, 
including all 15 retrieved Swiss Ornithological Institute geolocators. Four recorded only part 
of the migration and were excluded from analysis. One individual did not migrate, and two 
individuals started their pre-breeding migration for a short distance and terminated in 
Western Australia or the Philippines, and these three were thus also excluded from analysis. 
Twelve individuals were tracked across multiple years and for these individuals only tracks 
recorded in the first year were used to avoid pseudo-replication, with 15 repeated tracks 
being removed. Nine birds received a deworming treatment prior to release with a geolocator 
in relation to another project and these birds were also excluded from analysis. Two tracks 
recorded in 2009 were published by Minton et al. (2010), and 10 tracks recorded in 2010 were 
published by Minton et al. (2011a). These data were included in the present study. A detailed 
list of tracks included in this study is listed in Table 1. 
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Table 1. Number of individual Ruddy Turnstones tracked during pre-breeding and post-
breeding migration along the East Asian-Australasian Flyway from three wintering 
populations in south-east Australia, between 2009 and 2015. Number of individuals for each 
sex indicated in brackets (f = females, m = males, u = unknown). 
 
Population 
(i.e. deployment site) 
Year 
Pre-breeding 
(n = 67) 
Post-breeding 
(n = 63) 
King Island  43 (24f, 16m, 3u) 40 (22f, 15m, 3u) 
143.90E, 400S 2010 5 (2f, 3m) 5 (2f, 3m) 
 2011 5 (4f, 1m) 5 (4f, 1m) 
 2012 7 (5f, 2m) 5 (3f, 2m) 
 2013 9 (5f, 4m) 9 (5f, 4m) 
 2014 10 (5f, 3m, 2u) 10 (5f, 3m, 2u) 
 2015 7 (3f, 3m, 1u) 6 (3f, 2m, 1u) 
    
    
Flinders  5 (4f, 1m) 4 (4f) 
1450E, 38.50S 2009 2 (1f, 1m)  
 2010 3(3f) 4 (4f) 
    
Limestone Coast  19 (6f, 13m) 19 (6f, 13m) 
140.70E, 380S 2010 4 (3f,1m) 4 (3f, 1m) 
 2011 1 (1m) 1 (1m) 
 2013 12 (3f, 9m) 12 (3f, 9m) 
 2014 2 (2m) 2 (2m) 
Geolocator analysis 
Light intensity recordings from Intigeo geolocators were used to firstly estimate the breeding 
sites of each individual following the protocol described in Lisovski et al. (2016). Subsequently, 
using the derived breeding site position, the full migration path was estimated. Under 
constant daylight at the Arctic breeding sites, the non-Intigeo loggers recorded only a 
truncated light value over the day and thus preclude a reliable estimation of the breeding 
positions. Given that estimated breeding locations for birds wearing Intigeo loggers (see 
Results) overlapped with the Ruddy Turnstone’s breeding range according to Lappo et al. 
(2012), for those individuals wearing non-Intigeo loggers we assumed a breeding location that 
matched the centre of the breeding range following Lappo et al. (2012). However, these 
arbitrary breeding locations were ignored in all analyses of the migration path.   
To evaluate the migratory pathways for each individual, two daily locations were 
estimated from raw light-level data using the simple threshold method with a light intensity 
threshold of 0.8 to define sunrise and sunset times (Lisovski & Hahn 2012). The required 
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zenith angle was derived from on-bird calibration data recorded at a known location prior to 
or after migration. To further improve the location-estimation accuracy, we used a Bayesian 
framework that incorporated prior knowledge of Ruddy Turnstone behaviour and provided 
location estimates with associated measurements of uncertainty. To this end we used the R-
package ‘SGAT’ (Sumner et al. 2009), which employs Markov Chain Monte Carlo (MCMC) 
simulations that permit a spatial probability mask, prior definition of the error distribution of 
twilight events (twilight model), and plausible flying speed values (behavioural model). For a 
detailed description of model assumptions see Sumner et al. (2009) and Lisovski et al. (2016).  
The spatial probability mask was based on the premise that Ruddy Turnstones are most 
commonly found along the coast during migration. To accommodate for this, the estimated 
positions were arbitrarily considered to be 4 times more likely if close to the coast and 
increasingly less likely with increasing distance (d, in meters) from the shore using [1 + 3*exp(-
(d/50000)^3)] (resulting in values between 4, close to the coast, and 1 at large distance from 
the coast). The spatial probability mask was based on a shoreline dataset with a 1:75 000 
scale (NOAA Shoreline Website). To parameterize the twilight model a log-normal density 
distribution was fitted to the calibration data (i.e. light intensity recordings from known 
location). The density distribution was fitted to the difference (twilight error) of the zenith 
angle of each twilight time recorded during the calibration period and the first/last recorded 
sunrise/sunset time, assuming that the latter set of twilight times was recorded without any 
shading. The parameters log-mean and log-sd of the individually fitted log-normal density 
distribution were then used to describe the twilight model.  
For the behavioural model we assumed that Ruddy Turnstone performs stepwise 
migrations, with relatively long staging periods in between periods of movement, which has 
been revealed in preliminary studies (Minton et al. 2010; Minton et al. 2011a). We modelled 
flight (ground) speed using a gamma distribution (shape = 0.7, scale = 0.05) assuming that the 
speed with the highest probability was below one (i.e. the bird is most likely to be stationary 
at any given time) and that a maximum average flying speed measured between two positions 
of up to 80 km/h was possible during migration (Pennycuick et al. 2013). For each individual 
we used these parameters and all available information in the MCMC simulation to create 
“samples”, each sample reflecting one full set of positions connecting each twilight event 
along the entire migration path from wintering to breeding grounds. We started by drawing 
an initial 10,000 samples for burn-in and tuning of the spatial probability distribution of the 
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individual. Next, a further 40,000 samples were drawn to visually evaluate convergence of the 
model. Finally, an additional 2,000 samples were drawn to generate the ultimate, “posterior” 
distribution and the most likely migration path of each individual including its confidence 
range. 
To distinguish between periods of residency (i.e. fuelling, resting and breeding) and 
periods of movement we used the ‘changeLight’ function from the R-package ‘GeoLight’ 
(Lisovski & Hahn 2012). This analysis quantifies the probability of each sunrise and sunset to 
be different from the preceding and following sunrise and sunset times, hence providing 
probabilities for shifts in positions (henceforth referred to as changepoint probability). We 
used the median of the MCMC posterior distribution (i.e. the most likely migration path), to 
calculate the sunrise and sunset times for each estimated location. For each individual, we 
calculated the changepoint probably for each twilight time. Periods of residency were defined 
as the (maximum) time periods during which all twilight times had a changepoint probability 
lower than 0.8 for a minimum duration of two days. These are rather conservative parameter 
settings that often result in many spatial overlaps between periods of residency. We therefore 
subsequently used the ‘mergeSite’ function from the R-package ‘GeoLight’ (Lisovski & Hahn 
2012) to combine stationary periods, i.e. consecutive sites where the median positions are 
less than 500 km apart. We used this rather generous value of 500 km since the ultimate aim 
of our analysis was to identify stopover regions rather than sites.  
Migration phenology 
For pre-breeding migration, total migration duration was defined as the days elapsed from 
departing from the wintering grounds to arriving at the breeding grounds, whereas for post-
breeding migration it was defined as the number of days between departing from the 
breeding grounds and arriving at the wintering grounds. We used general linear modelling to 
examine if populations and sexes scheduled their migration differently. For both pre- and 
post-breeding migration, the dependent variables departure date, arrival date and total 
migration duration were regressed against the independent variables population, sex, the 
date of geolocator deployment, year and the interaction between population and year. We 
implemented a backwards selection using the function ‘stepAIC’ from the R-package ‘MASS’ 
to select models with the lowest Akaike Information Criterion (AIC). Considering that the 
acquired model with the lowest AIC can still include insignificant terms (i.e. p > 0.05), we 
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continued backward model selection using likelihood ratio tests using the ‘drop1’ function 
until all terms in the model reached significance. 
Stopover sites 
To visualize where birds spent their time along the flyway and for how long, we generated a 
residency density map. This was done separately for pre-breeding and post-breeding 
migration. To this end, the entire area covering all migration paths was divided into 250x250 
km grid cells. Then, all individual tracks, each consisting of 2,000 iterations, were aggregated 
to calculate the density in each grid using the R-package ‘SGAT’.  
 To identify important regions of stopover we used a clustering analysis that was based 
on a data set consisting of the median positions for each bird and each area in which it had a 
stationary period or stopover. This clustering analysis was applied to pre- and post-breeding 
migration separately. The clustering was implemented using the ‘dbscan’ function in the R-
package ‘dbscan’, which required the input of a search radius and point threshold, where the 
point threshold is the minimum number of points within the defined search radius. Search 
radius and point threshold were set the same for both pre- and post-breeding migration. To 
make this clustering meaningful we set the search radius and point threshold such as to (i) 
create a maximum of 15 clusters for either pre- or post-breeding migration, (ii) have at least 
50% of all individual stopover positions fall within a cluster, (iii) limit the geographic size of a 
cluster by requiring that at least 60% of all positions were within 500 km of another and 80% 
within a 1,000 km of another. The clustering analysis was mainly conducted to objectively 
delineate stopover regions. The 500km and 1000km criterion was set to limit the size of 
stopover region, which can neither be too small given the limited spatial resolution of the 
geolocation data (up to a couple of hundreds; Welch & Eveson 1999; Phillips et al. 2004), nor 
too large, since that would ultimately result in all stopover sites being clustered into one 
region. Although there are likely to be a range of combinations of search radii and point 
thresholds that meet the criteria, we arbitrarily chose a search radius of 1.16 and a point 
threshold to 3 to meet our goal.   
We assessed the importance of each of the stopover regions identified by the 
clustering analysis above in terms of the proportion of individuals using that region and the 
amount of time they spent there. We did this for pre-breeding and post-breeding migration 
separately. To test if the proportion of individuals using a region varied between populations 
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and sexes, we used generalized linear mixed modelling, setting family as binomial or 
quasibinomial in case the data were over-dispersed. To test for population and sex differences 
in stopover duration we used a zero-truncated negative binomial model, using the 
‘glmmadmb’ function from the R-package ‘glmmADMB’. In all models, besides population and 
sex, also stopover region, year, date of geolocator deployment and the interaction between 
stopover region and population were included as fixed terms and individual bird as a random 
term. To select the best fitting models, we first compared models with and without including 
individual bird as a random term and selected the one with the lowest AIC. Next we 
implemented a backwards selection of terms. For the binomial models we used ‘stepAIC’ 
function from the R-package ‘MASS’ to select models with the lowest AIC. Since the resulting 
model with the lowest AIC can still include insignificant terms (i.e. p > 0.05), we continued 
backward model selection using likelihood ratio tests using the ‘drop1’ function until all terms 
in the model reached significance. The quasi-binomial and zero-truncated negative models 
did not allow for the use of ‘stepAIC’ and we only used the ‘drop1’ function until all terms 
included in the models were significant. To test for differences in the proportion of individuals 
and duration being used between stopover regions we used “games-howell” post-hoc 
pairwise comparisons and Bonferroni correction using the ‘posthocTGH’ function from the R-
package ‘userfriendlyscience’ on the partial model residuals. Given that most stopover sites 
were visited by only a few individuals, the statistical power for detecting population or sex 
effects was generally limited. Therefore, we also repeated the analyses including only 
stopover sites that were visited by more than 20 individuals.  
Results 
Migration phenology 
Out of the 74 retrieved loggers, 63 had recorded the entire pre-breeding and post-breeding 
migration, while an additional four had recorded a full pre-breeding migration only (Table 1). 
Pre-breeding migration started with an average departure from the wintering grounds on 18th 
April (SD = 7.5d, range: 31st March and 2nd May). King Island birds departed 7.5 days earlier 
than Limestone Coast birds (King Island birds: 12th April; Limestone Coast birds: 20th April; 
t5.3,58 = 4.97, p < 0.001). No differences were detected between birds from King Island and 
Flinders (Flinders birds: 14th April; t5.3,58 = -1.62, p = 0.11) and Limestone Coast and Flinders 
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(t5.3,58 = 0.63, p = 0.53). The average arrival date at the breeding grounds was 1st June (SD = 
5.3d, range: 23rd May and 23rd June) and no difference was detected between populations 
(F2,61 = 2.83, p = 0.067) (Figure 1), with pre-breeding migration lasting an average of 44 days 
(SD = 6.8d, range: 31-57d). Due to their earlier departure from the wintering grounds, King 
Island birds spent 7.8 days longer on migration than Limestone Coast birds (King Island birds: 
46.5 d; Limestone Coast birds: 38.6 d; t5.3,58 = 7.84, p < 0.001). Migration duration was similar 
for birds from King Island and Flinders (Flinders birds: 62.6 d; t5.3,58 = 1.13, p = 0.26), and 
Limestone Coast and Flinders (t5.3,58 = 1.67, p = 0.10). No sex differences were detected in pre-
breeding departure date (t = 0.01, p = 0.991), arrival date (t = 0.93, p = 0.697) or total 
migration duration (t = 0.60, p = 0.551) (Figure 1). For detailed information on migration 
phenology of each individual see Table S1, Appendix.  
Post-breeding migration commenced with Ruddy Turnstones leaving their breeding 
grounds on 25th July on average (SD = 8.8d, range: 13th July and 17th August). Departure date 
was not different between populations (F2,57 = 0.36, p = 0.698). They arrived at the wintering 
grounds on 5th October on average (SD = 19d, range: 31st August and 1st December). Flinders 
birds arrived 35.7 days later than King Island birds (Flinders birds: 6th November; King Island 
birds: 2nd October; t18,57 = 3.84, p < 0.001), and 32.5 days later than Limestone Coast birds (5th 
October; t18,57 = 3.35, p = 0.001). Arrival date was not different between King Island and 
Limestone Coast (t18,57 = 0.63, p = 0.53). Females departed 8 days earlier than males (females: 
22nd July; males: 9th August; t7.8,57 = 1.67, p < 0.001), but arrived at the wintering ground at 
around the same time (t17.7,56 = 0.89, p = 0.380). Migration duration was similar between King 
Island and Limestone Coast birds (t16,57 = 0.03, p = 0.98). However, migration duration in 
Flinders birds was 31.8 days longer compared to King Island birds (Flinders: 101.2 d; King 
Island birds: 69.5 d; t16,57 = 3.66, p < 0.001), and 31.6 days longer compared to Limestone 
Coast birds (69.6 d; t16,57 = 3.49, p < 0.001).  
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Figure 1. Departure and arrival dates (along the X-axis) during pre-breeding and post-breeding 
migration of Ruddy Turnstones from three wintering populations in south-east Australia (right 
Y-axis) migrating along the East-Asian Australasian Flyway (locations of arrival/departure on 
left Y-axis). Boxplots display the overall distribution of migratory timing. The thick line within 
each box and whisker plot represents the median, and the lower and upper box border 
represent the first and the third quartile, respectively. Whiskers denote the lower and upper 
95% confidence interval. Circles outside the whiskers are outliers above or below the 95% 
confidence interval. 
 
Migration routes 
During pre-breeding migration, Ruddy Turnstones used a relatively narrow geographic 
corridor (Figure 2). After leaving the wintering grounds in south-eastern Australia, most 
Limestone Coast and Flinders birds took a slightly more westward migration route than the 
King Island birds, crossing the west coast of Indonesia on their way north, whereas most King 
Island birds flew via the Philippines. Thereafter, all birds funnelled, moving along the East 
Asian coast, stretching from the coasts of Fujian and Taiwan to the coast of the Yellow Sea 
region. From there individuals moved due north or northeast to their breeding grounds. On 
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average, the total migration distance (great circle distance) covered during pre-breeding 
migration was 13,000 km (SD = 560 km, range: 11,300–14,500 km). 
 
 
Figure 2. Migration routes of Ruddy Turnstones migrating between three wintering grounds 
in south-east Australia (King Island in purple, Limestone Coast in blue and Flinders in orange) 
and their high Arctic breeding grounds.  
 
During post-breeding migration the migration corridor was much wider, particularly for 
Limestone Coast and Flinders birds (Figure 2). Although most birds flew south via the East 
Asian coast, some individuals took routes further west across the mainland of Asia, while 
others flew much further east crossing well out of the coast, across the western Pacific Ocean. 
After arriving in Australia many individuals flew via the East Asian coast, then often via 
southwest of Western Australia, and finally along the south coast of Australia before arriving 
at their wintering grounds. Remarkably, one Flinders bird first flew from Siberia to the 
Aleutian Islands after which it crossed the middle of the Pacific Ocean before turning 
southwest towards their wintering grounds in Australia (as shown in Minton et al. 2011a). The 
total average distance covered during post-breeding migration was 13,500 km (SD = 520 km, 
range: 12,700–14,900 km). 
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Stopover regions 
Using different searching parameters in the clustering analysis had little effect on the results. 
During pre- and post-breeding migration Ruddy Turnstones used an average of 2.6 (SD = 0.76, 
range: 1-5) and 2.8 (SD = 1.25, range: 1-6) stopovers respectively, irrespective of population 
(χ2(2) = 0.16, p = 0.92) (Figure S2, Appendix) or sex (χ2(1) = 0.01, p = 0.92). The residency 
density maps clearly identified the Yellow Sea as a major stopover region during both pre- 
and post-breeding migration (Figure S3, Appendix). These maps also identified the southern 
East Asian coast predominantly along the Taiwan and Fujian coast (hereafter referred to as 
Taiwan-Fujian coast) as a Ruddy Turnstone hotspot area, albeit during pre-breeding migration 
only.  
The clustering analysis not only “re-identified” the Yellow Sea and the Taiwan-Fujian 
coast as two major stopover regions, but also allowed for the identification of seven 
additional stopover regions. All in all, for the pre-breeding migration nine stopover regions 
were identified by the clustering analysis (Figure 3a). These stopover regions were not equally 
popular and were visited by different numbers of individuals (χ2(8) = 296, p < 0.001) (Figure 
3c and Table S2, Appendix) for various lengths of time (χ2(8) = 50.1, p < 0.001) (Figure 3d and 
Table S3, Appendix). Notably the Yellow Sea and the Taiwan-Fujian coast (Regions 6 and 7, 
Figure 3a) were very popular destinations that were collectively visited by all but two tracked 
Ruddy Turnstones, which spend 23 days (SD = 10d, range: 0-40d), representing 72% of all 
stopover time there (SD = 29%, range: 0-100%). Thirty-three percent of the Ruddy Turnstones 
(95% confidence interval, hereafter CI95: 22-46%) used the remaining seven stopover regions 
and stayed there for an average of 3.2 days (SD = 6.2d, range: 0-28d), representing 9% (SD = 
19%, range: 0-82%) of their total stopover duration (Figure 3). Ruddy Turnstones also visited 
sites outside the nine regions for an average of 6.1 days (SD = 7.6d, range: 0-33d), 
representing 19% of the total stopover duration (SD = 22%, range = 0-78%).  
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Figure 3. Stopover regions and stopover region use of Ruddy Turnstone during pre-breeding 
migration towards the high Arctic breeding grounds from three wintering populations in 
south-east Australia. Seventy percent of all stopover sites were clustered in nine regions. a) 
Stopover regions. Each dot represents the median position of an individual’s stopover 
location, dots within a region being assigned an identical colour, with grey dots falling outside 
any of the regions. b) Time lines (i.e. running from arrival to departure date) of all Ruddy 
Turnstones using one or more of the nine regions (line colours corresponding with region 
colours in panel a). Proportions of individuals (c) and duration of stopover (d) across the nine 
stopover regions for Ruddy Turnstones from the three wintering populations in south-east 
Australia (bars and symbols for King Island birds in purple, Limestone Coast birds in blue and 
Flinders birds in orange). In d) mean ± 95% confidence interval are plotted. 
 
Comparisons between the two most visited regions, Taiwan-Fujian coast (Region 6) and 
the Yellow Sea (Region 7), during pre-breeding migration showed that the Taiwan-Fujian coast 
was more popular in terms of both proportion of individuals (χ2(1) = 11.57, p < 0.001) and 
stopover duration (χ2(1) = 4.49, p = 0.034). The Taiwan-Fujian coast was visited by as many as 
90% of all individuals (CI95: 79-95%). Individuals visited this region mainly from mid-April until 
late May (Figure 3b) and stayed an average of 16 days (SD = 8.3d, range: 1.5-40d), 
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representing 50% of their total stopover duration (SD = 24%, range: 4-100%). The Yellow Sea 
(Region 7) ranked as a close second for stopover site use. This region was used by 68% of the 
tracked individuals (CI95: 55-79%) (Figure 3c) and was generally in use across the entire 
month of May (Figure 3b). Individuals visiting this region stayed an average of 13.3 days (SD 
= 6.2d, range: 2-27d), representing 42% of the entire stopover duration (SD = 18%, range: 8-
100%) (Figure 3d).  
During pre-breeding migration, stopover durations in these two major regions varied 
between the three populations (χ2(2) = 17.15, p = < 0.001) with King Island birds (26.3 d) 
staying 8.5 days (CI95: 10.9-16.7 d) longer than Limestone Coast birds (17.8 d) (z = -2.88, p = 
0.004) and 12.9 days (CI95: 6.6-13.9 d) longer than Flinders birds (13.4 d) (z = -3.43, p < 0.001). 
Stopover durations for Limestone Coast and Flinders birds were similar (z = -1.67, p = 0.094). 
No sex difference in stopover durations or in the proportion of individuals using the two 
regions could be detected (χ2(1) = 0.34, p = 0.562). Proportion of individuals in these two 
regions did not differ between populations (χ2(2) = 2.87, p = 0.238) or sexes (χ2(1) = 0.53, p = 
0.466).   
For post-breeding migration as many as fourteen stopover regions were recognized by 
the clustering analysis (Figure 4a), with major differences in visiting frequency (χ2(13) = 162, 
p <0.001) (Figure 4c) and duration (χ2(13) = 58.8, p <0.001) (Figure 4d). Among the fourteen 
regions, the Yellow Sea (Region 4, Figure 4a) was most extensively used (Table S4, Appendix 
and Figure 4c), being visited by 67% (CI95: 54-78%) of the tracked individuals with the majority 
visiting from late July until late September (Figure 4b). Individuals visiting this region stayed 
for an average of 23.9 days (SD = 9.4 d, range: 6-47 d), representing 42% of their total stopover 
duration (SD = 24%, range: 9-100%) during post-breeding migration. This stopover duration 
was significantly longer than that in all other regions except Regions 3, 13 and 14 (Table S5, 
Appendix and Figure 4d). 
All other sites were much less popular among the Ruddy Turnstones, with the Taiwan-
Fujian coast (Region 6) ranking as the second most important stopover region after the Yellow 
Sea with only 27% of the individuals visiting this site (CI95: 17-40%). This proportion was far 
lower than that of the Yellow Sea and not significantly higher than that of the other 12 regions 
(Table S3, Appendix and Figure 4c). Also stopover durations for all sites except the west coast 
of the Yellow Sea were indistinguishable (Table S5, Appendix and Figure 4d).   
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Figure 4. Stopover sites and stopover site use of Ruddy Turnstone during post-breeding 
migration towards the high Arctic breeding grounds from three wintering populations in 
south-east Australia. Fifty percent of all stopover sites were clustered in 14 regions. a) 
Stopover regions. Each dot represents the median position of an individual’s stopover 
location, dots within a region being assigned an identical colour, with grey dots falling outside 
any of the regions. b) Time lines (i.e. running from arrival to departure date) of all Ruddy 
Turnstones using one or more of the 14 regions (line colours corresponding with region 
colours in panel a). Proportions of individuals (c) and duration of stopover (d) across the 14 
stopover regions for Ruddy Turnstones from the three wintering populations in south-east 
Australia (bars and symbols for King Island birds in purple, Limestone Coast birds in blue and 
Flinders birds in orange). In d) mean ± 95% confidence interval are plotted. 
 
Breeding sites 
All individuals that were tracked using Intigeo loggers (n = 40, n = 26 for King Island birds and 
n = 14 for Limestone Coast birds), which permitted an estimation of breeding position, bred 
north of the Arctic Circle between 70-760 N (median ± SD: 74.50 ± 1.50). The breeding sites 
were spread along the coast (110-1750E) between the Gulf of Khatanga and the Gulf of 
Kolyma, with most birds breeding on the New Siberian Islands (Figure 5). No population 
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differences were found in either breeding latitude (t19.4 = 1.70, p = 0.106) or longitude (t19.3 = 
-0.88, p = 0.389). Birds stayed at the breeding grounds for an average of 54 days (SD = 9.1d, 
range: 40-78d), with King Island birds staying 8.1 days shorter than Limestone Coast birds 
(King Island birds: 51.7 d; Limestone Coast birds: 59.7 d; t28.6 = -3.11, p = 0.004). 
 
 
Figure 5. Estimated breeding sites for 40 Ruddy Turnstones tracked using Intigeo geolocators, 
permitting the estimation of breeding position. Crosses represent medians of longitudes and 
latitudes and their associated 95% confidence intervals of individual breeding sites, with 
purple and green representing King Island and Limestone Coast birds, respectively. 
 
Discussion 
Using individual tracks of 67 pre-breeding migrations and 63 post-breeding migrations of 
Ruddy Turnstones, which were recorded over a total period of seven years across three 
wintering populations in south-east Australia, we have obtained a comprehensive picture of 
their spatial-temporal site use along the EAAF. Our analysis confirmed recent findings (Minton 
et al. 2011a) that both the Taiwan-Fujian coast and the Yellow Sea harbour major stopover 
sites, whose importance for Ruddy Turnstone have been previously underestimated (Minton 
et al. 2011b). Ruddy Turnstones adopted a different migration strategy during pre- compared 
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to post-breeding migration, in terms of migration duration, flying routes and location of 
stopover sites, which to some extent also differed between the three wintering populations.  
Time-minimization during pre-breeding migration 
Pre- and post-breeding migrations have been proposed to be under different (time) selection 
pressures (McNamara et al. 1998) with animals potentially adopting different migration 
strategies during the two seasons (Chapter 2-5; Alerstam & Lindström 1990; Hedenström & 
Alerstam 1997). During pre-breeding migration, arriving at the breeding grounds at an 
optimal time so as to match peak demand with the local resource peak may be critical for 
breeding success (Møller 1994; Bety et al. 2004). Moreover, under competition, arriving 
within the optimal time window ahead of conspecifics may offer additional fitness advantages 
(Kokko 1999; Moore et al. 2005). Under such high time pressure conditions, animals may 
adopt a time-minimization strategy (Alerstam & Lindström 1990; Hedenström & Alerstam 
1997). With all individuals aiming for a timely arrival, a highly synchronized pre-breeding 
migration is to be expected (Madsen 2001; Warnock et al. 2004; Conklin et al. 2013), although 
a synchronized migration behaviour can also be shaped social factors (Reed et al. 2006). 
Conversely, a timely arrival at the wintering grounds has far fewer fitness consequences 
(McNamara & Houston 2008). Although virtually all stopover and wintering sites will vary in 
resource availability over time, these variations may be less pronounced and have lower 
fitness consequences during post-breeding migration, which is generally considered to be 
under far less time selection pressure (Drent et al. 2003). Without this high time pressure 
during post-breeding migration, individuals may preferentially adjust their migration 
itineraries based on factors such as their own physiological capacity (Gwinner 1996) and 
environmental conditions (Gill et al. 2014) than during pre-breeding migration. For these 
reasons, but also because variations in breeding success may allow for great variation in the 
timing of departure from the breeding grounds (Barshep et al. 2012; Gosbell et al. 2012), 
migration strategy is expected to be more variable during post-breeding migration compared 
to pre-breeding migration. 
The seasonal differences observed in Ruddy Turnstone migration confirm the 
framework of time-minimization. During pre-breeding migration, Ruddy Turnstones 
synchronized their migration considerably more in terms of phenology, migration route and 
stopover site use than during post-breeding migration. Both departure and arrival occurred 
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within a narrow time window during pre-breeding migration. All 67 Ruddy Turnstones 
departed from their wintering grounds within 32 days, 60 (90%) of which departed within as 
little as 20 days. The arrival window was even narrower (F63,63 = 1.85, p = 0.016) and was 
within 19 days for all but one individual, which arrived 12 days after the penultimate 
individual. Post-breeding departure from the breeding grounds was spread over a similar time 
window as pre-breeding departure from the wintering grounds and took 35 days (F59,63 = 0.69, 
p = 0.150). By contrast, the window of arrival at the wintering grounds was as long as three 
months (92 days), much longer than that of pre-breeding departure (32 d; F59,63 = 9.09, p < 
0.001), pre-breeding arrival (31 d; F59,63 = 13.1, p < 0.001) and post-breeding departure (35 d; 
F59,59 = 4.91, p < 0.001). Even if the eight last, extremely late arriving birds were excluded, the 
arrival window was still 55 days long. Variation in migration duration was also much lower 
during pre- compared to post-breeding migration (F62,66 = 0.14, p < 0.001). Furthermore, 
migration duration was four weeks shorter than post-breeding migration (44.4 d and 72.5 d 
for pre- and post-breeding respectively; t74.4 = -11.1, p < 0.001). These findings of a more 
synchronized and shorter pre-breeding compared to post-breeding migration are consistent 
with previous findings (Fransson 1995; Conklin et al. 2013; Zhou et al. 2016) and support the 
general contention that pre-breeding migration is under high time selection.  
Further support for pre-breeding migration being under greater time selection comes 
from a high spatial synchronisation of the migratory tracks during pre- compared to post-
breeding migration. Soon after leaving the wintering grounds until arriving on the breeding 
grounds, between 340S to 700N, Ruddy Turnstone flew within a 1,600-2,800 km wide corridor, 
narrowing down to 880 km when migrating along the southern East Asian coast (i.e. at 310N). 
By contrast, the migratory corridor was between 3,100-5,500 km, at least twice as wide during 
post- compared to pre-breeding migration. Few empirical studies have used spatial 
synchronisation as a potential proxy for time-selected migration. At the same time the narrow 
corridor to the breeding grounds implies that any route deviations may negatively affect their 
fitness. 
Along with the spatially synchronized migratory routes, stopover site use was also more 
synchronized during pre- compared to post-breeding migration. During pre-breeding 
migration, virtually all tracked Ruddy Turnstones stayed at the Yellow Sea and the Taiwan-
Fujian coast for prolonged periods of time. In addition, 70% of all stopover points fell within 
the nine stopover regions. By contrast, during post-breeding migration, stopover regions 
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were more spread out and they were used relatively evenly. In addition, a higher percent of 
all stopover points during post- compared to pre-breeding fell outside the 14 stopover 
regions, 50%. The differences in stopover site use between the two seasons implies that 
Ruddy Turnstones were more time pressed during pre-breeding migration and possibly 
cannot afford to explore sites outside the major stopover regions. 
Identification of stopover regions 
Key stopover regions recognized from individual tracks only partly overlapped with those 
earlier identified from colour mark (i.e. leg-flag) resightings, including some marked 
differences. From resightings, the Yellow Sea has been identified as a major stopover site for 
many shorebirds along the EAAF, but not for Ruddy Turnstone (Minton et al. 2011b). Our 
study using geolocator tracks recognized the Yellow Sea as a key site also for Ruddy 
Turnstone, consistent with bird counts showing the Yellow Sea supports more than 1% of the 
flyway Ruddy Turnstone (Barter 2004; Bai et al. 2015). The same problem, caused by spatial 
biases in observation efforts, was also found in Sanderling migrating along the same flyway 
(Lisovski et al. 2016). Similarly, the importance of islands in the Western Pacific was previously 
underestimated from leg-flag resightings, including the Philippines, the north coast of Brunei 
and Indonesia, and many east Indonesian islands. These regions that had previously remained 
unidentified using leg-flag resightings were notably visited by a number of King Island and 
Flinders birds during post-breeding migration. In contrast with the underrepresentation of 
these regions from leg-flag resightings, the importance of Japan as a stopover site for Ruddy 
Turnstone seems overestimated from resighting data (Minton et al. 2011b). The different 
chains of stopover regions identified using large numbers of individual tracks compared to 
leg-flag resighting highlights the importance of tracking technology in supplementing to 
identify major stopover sites and conservation research. 
The two major stopover regions along the Yellow Sea and the Taiwan-Fujian coast 
were used differently during pre- and post-breeding migration. The Yellow Sea was 
extensively used during both seasons, which is consistent with bird surveys that have shown 
previously that over two million shorebirds (40% of the total birds of this flyway) comprised 
of over 40 species use these regions during their pre-breeding migration and about one 
million during their post-breeding migration (Barter 2004; Bamford et al. 2008; Bai et al. 
2015). However, our study has shown that for Ruddy Turnstones the Taiwan-Fujian coast 
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played an even more critical role during pre-breeding migration, being visited by a higher 
proportion of individuals and being used for a longer time duration than the Yellow Sea. 
During post-breeding migration, however, the Yellow Sea clearly showed a much greater 
popularity among Ruddy Turnstones than the Fujian-Taiwan coast, consistent with records of 
other migratory shorebird species (Ma et al. 2002; Choi et al. 2009). 
Different migration strategies between populations 
Remarkably, although only 150 km south of Flinders and 350 km southeast of the Limestone 
Coast, King Island birds appeared to have a different migration phenology and, to some 
extent, migration route from the other two populations. However, not all between population 
comparisons reached significance notably when involving Flinders birds, probably because of 
their low sample size and thus low statistical power when making comparisons. Still, 
collectively the data showed that King Island birds departed from their wintering grounds up 
to a week earlier and stayed one to two weeks longer at the East Asian coast, arriving at the 
breeding grounds at around the same time as birds from the other populations. King Island 
birds also tended to fly more eastward before fuelling at the East Asian coast on the way to 
their breeding grounds.  
During post-breeding migration, more King Island birds stopped at the Yellow Sea and 
more birds from the Limestone Coast preferred staging at the Taiwan-Fujian coast. At the 
same time, Flinders birds distinguished themselves by arriving a month later at the wintering 
grounds than birds from the other populations. Moreover, one out of the four Flinders birds 
(and one additional individual with an incomplete track which was not included in the present 
study) crossed the central Pacific on their way back to the wintering grounds on a north-south 
trajectory that was much further east from all other birds.  
The marked difference in migration phenology and stopover site use between the three 
wintering populations implies that they might also be genetically distinct, for which tests are 
currently underway. By adopting different migration strategies these populations may 
potentially face different conservation threats and also play different roles in connecting the 
ecosystems along the migration pathway of which they form part. For instance, by migrating 
at different times and using different sites, populations may play a different role in connecting 
ecosystems, which may for example result in a variation in their role as dispersers of 
pathogens and other “stowaways” (Bauer et al. 2015).  
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Conservation implications 
Using a large number of individual tracks this study identified a chain of key stopover regions 
on which Ruddy Turnstone rely during their annual migrations with East Asian coast being of 
apparent prime importance. Whether Ruddy Turnstones can compensate a further 
deterioration or loss of these sites is questionable. Many long-distance migratory shorebirds 
are highly site faithful to both their wintering and stopover sites (e.g. Warnock & Takekawa 
1996; Leyrer et al. 2006; Buchanan et al. 2011). Although some shorebirds have shown at 
least some flexibility in site use in response to environmental change (e.g. Austin & Rehfisch 
2005; Maclean et al. 2008; Verkuil et al. 2012), assuming they are currently following an 
optimal strategy any change is likely to reduce their survival and breeding success.  
The current wintering grounds and the two major stopover regions for Ruddy 
Turnstone are of high conservation priority given their geographic locations. A previous study 
showed that the intake rate of shorebirds tends to increase with latitude in both the northern 
and southern hemisphere (Aharon-Rotman et al. 2016b). Because of their location the Ruddy 
Turnstones’ current wintering grounds (37-400S) as well as the two major stopover regions 
along the East Asian coast (20-400N) are therewith expected to be high quality sites 
guaranteeing rapid deposition of migratory fuel loads and, ultimately, successful migration. 
The conservation of these sites are particularly critical during pre-breeding migration to 
ensure a timely arrival at the breeding grounds, where mistimed arrival may adversely affect 
fitness (Both & Visser 2001; Both & Visser 2005; Gaston et al. 2009). Shifting from the current 
wintering and stopover sites to sites at higher latitudes may be constrained by the birds’ 
maximum flight range. A shift to lower latitudes and, thus, to sites of lower quality, might 
avoid this flight-range constraint but reduce migratory speed and jeopardise timely arrivals 
at the breeding grounds. Notably in the face of rapid global warming in the Arctic (i.e. Arctic 
amplification), which requires Arctic breeding shorebirds to increasingly advance rather than 
delay their arrival at the breeding grounds (van Gils et al. 2016), this also does not seem to be 
a viable option. Along the EAAF, many shorebirds from Australia and New Zealand deposit 
large fuel loads prior to migration, making a non-stop trans-equatorial flight to the East Asian 
coast as their first port of call (e.g. Minton & Gosbell 2011a; Battley et al. 2012; Tomkovich et 
al. 2013; Aharon-Rotman et al. 2016b). The here identified constraints on site use for Ruddy 
Turnstones probably also extend to these other trans-equatorial, long-distance migratory 
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shorebirds along the EAAF. Also for these species an emphasis on protecting both their 
wintering grounds and key staging areas along the East Asian coast are thus warranted.  
Ruddy Turnstone displayed highly synchronized migration timing and stopover site 
use during pre-breeding compared to post-breeding migration suggesting higher time stress 
during pre-breeding migration. Under high time selection, Ruddy Turnstones have limited 
capacity to vary their behaviour, and any interruptions delaying their migration timing may 
take a toll on their fitness. Conversely, under lower time selection pressure during post-
breeding migration, the greater variations in migration behaviour may provide them with 
better opportunities to adapt to changing conditions than during pre-breeding migration.  
Different migration ecology between populations could guide conservation effort. 
Currently, Limestone Coast birds are potentially the most vulnerable given the development 
of a local beach-wrack harvesting industry that plans to remove beach cast seaweed, which 
is a critical feeding habitat for Ruddy Turnstone and other species (Orr 2013). On the other 
hand, King Island birds with their particular dependence on the Yellow Sea, may suffer more 
from the rapid loss of mud flats in this region, with up to 65% of tidal flats having already 
disappeared between the 1950s and early 2000s (Murray et al. 2014). Our study thus 
emphasizes that even at relatively small spatial scales (here in terms of distances between 
non-breeding populations) patterns of migratory connectivity may exist, each population 
exhibiting unique migration patterns, thus potentially requiring different conservation 
efforts.  
What should be noted is that all data in this study represent birds that returned and 
were recaptured only. The data may thus not necessarily also reflect the behaviour of the 
birds that did not return or were not recaptured. However, given that Ruddy Turnstones have 
shown high fidelity to their wintering sites (Jessop 2015) and the enormous effort put into 
geolocator retrieval for this project, we are confident that our geolocator data largely mirror 
migration behaviour of the whole population of surviving individuals. Individuals that were 
not recaptured are likely to have died before arrival on the wintering grounds. Such 
speculation fits well with the fact that Ruddy Turnstones in Australia have shown overall 
decline in recent decades, with some populations suffering from an annual decline up to 6.3% 
(Wilson et al. 2011; Clemens et al. 2016). It is of great importance to understand this high 
mortality and its association with migratory strategy, including site choice and migration 
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timing. To aid species conservation, future satellite tracking using ultra-light tags might 
provide this insight (Klaassen et al. 2014). 
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Appendix 
Table S1. Original data of pre- and post-breeding migration for individual Ruddy Turnstones migrating along the East Asian-Australasian Flyway 
between the Australia/New Zealand wintering grounds and the north eastern China/Russia Arctic breeding grounds. For one individual during 
pre-breeding migration, and four individuals during post-breeding migration, information was missing and noted as ‘-’. Under sex column, F = 
females, M = males, U = unknown. For individuals whose breeding locations could not be estimated, breeding location was assigned as the centre 
of the known breeding range, and highlighted in italic.  
  Breeding  Pre-breeding migration  Post-breeding migration 
Wintering 
population 
Sex Long Lat  
Departure 
date 
Arrival 
date 
Migration 
duration 
(d) 
Stopover 
duration 
(d) 
Number 
of steps 
Migration 
distance 
(km) 
 
Departure 
date 
Arrival 
date 
Migration 
duration 
(d) 
Stopover 
duration 
(d) 
Number 
of steps 
Migration 
distance 
(km) 
King Island F 112.08 75.37  99 146 47 38.5 3 13300  195 266 71 62.5 3 13300 
King Island F 142.02 75.19  102 152 50 38 3 13600  194 270 76 63.5 4 12900 
King Island F 140.49 74.54  105 155 50 35.5 3 13300  201 267 66 60.5 4 13900 
King Island F 140.49 74.54  106 145 39 34 3 11300  - - - - - - 
King Island F 140.49 74.54  114 150 36 27 2 13100  206 283 77 64.5 4 13800 
King Island M 142.57 73.61  102 144 42 32 3 13100  208 257 49 35.5 5 13200 
King Island F 136.28 74.07  102 157 55 34.5 3 14200  197 296 99 91 4 13300 
King Island F 127.97 73.34  103 152 49 36.5 2 12900  197 250 53 40.5 5 13100 
King Island M 139.10 75.96  101 153 52 41.5 3 13400  202 266 64 50.5 4 13800 
King Island M 139.90 72.11  96 146 50 41.5 3 13000  206 253 47 38 4 13100 
King Island M 146.99 75.34  97 145 48 38.5 3 13600  218 293 75 62 4 13600 
King Island F 141.51 75.82  110 146 36 23.5 3 13500  195 258 63 47 5 13400 
King Island F 140.49 74.54  107 149 42 36 3 11300  - - - - - - 
King Island F 124.94 73.53  99 148 49 36.5 3 13100  198 260 62 48 3 13300 
King Island U 140.39 74.87  100 149 49 38.5 3 13600  195 284 89 78 4 13800 
King Island F 116.76 73.51  99 152 53 42.5 4 13400  202 259 57 46 3 12800 
King Island U 125.89 73.47  90 149 59 45.5 3 13200  203 273 70 59 3 13000 
King Island F 141.11 75.77  100 153 53 38.5 4 13600  200 288 88 78 5 14100 
King Island M 149.24 75.21  122 160 38 25.5 3 13400  209 296 87 77.5 4 13400 
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King Island F 112.41 75.87  100 149 49 38 4 13500  202 261 59 48.5 5 13800 
King Island M 140.91 75.35  94 149 55 42.5 5 13100  216 327 111 99.5 4 14300 
King Island F 143.83 75.40  109 153 44 34.5 3 13400  198 267 69 59 3 13300 
King Island M 122.91 72.81  100 156 56 46 5 13600  198 259 61 53.5 5 13000 
King Island M 140.49 74.54  102 148 46 36 4 13200  203 270 67 54.5 4 13600 
King Island M 140.49 74.54  112 155 43 29 3 14200  229 292 63 55.5 5 13800 
King Island F 140.49 74.54  106 154 48 33.5 3 13500  205 270 65 55.5 4 13500 
King Island F 140.49 74.54  110 154 44 30 3 13300  209 286 77 65.5 4 14600 
King Island M 140.49 74.54  114 149 35 23 3 13200  203 278 75 68.5 4 13700 
King Island M 140.49 74.54  113 155 42 29 3 13300  225 309 84 72 4 13400 
King Island M 140.49 74.54  105 157 52 41 4 13500  207 243 36 30 2 13100 
King Island F 140.49 74.54  119 158 39 24.5 3 13200  222 267 45 36.5 3 13200 
King Island F 140.49 74.54  108 155 47 35 3 13300  204 262 58 43 3 13200 
King Island M 144.39 75.42  100 148 48 35 4 14100  - - - - - - 
King Island U 125.11 73.40  104 148 44 32 4 13000  195 306 111 91 4 13900 
King Island M 128.70 72.98  100 157 57 43 4 13100  208 288 80 68.5 5 13700 
King Island F 146.97 75.28  100 143 43 32 3 13400  194 276 82 65 4 13600 
King Island F 140.49 74.54  113 160 47 30 3 13300  198 282 84 77.5 5 13700 
King Island M 140.73 75.19  100 146 46 31 3 14300  205 278 73 61 3 13700 
King Island F 136.55 75.44  100 152 52 37 4 13800  195 245 50 41.5 3 13400 
King Island F 128.18 72.97  94 150 56 40 3 13100  210 275 65 44 3 13000 
King Island F 140.49 74.54  114 155 41 31.5 4 13500  210 271 61 50.5 5 13800 
King Island F 140.49 74.54  103 153 50 36 2 13300  199 280 81 70 3 13200 
King Island M 140.49 74.54  118 162 44 26.5 3 14000  221 312 91 82.5 3 13500 
Flinders F 140.49 74.54  116 156 40 23 3 13200  - - - - - - 
Flinders M 140.49 74.54  122 157 35 28 3 11600  - - - - - - 
Flinders F 140.49 74.54  109 150 41 30.5 4 12600  198 277 79 66.5 5 14900 
Flinders F 140.49 74.54  118 174 56 34.5 5 14500  217 296 79 73 4 14100 
Flinders F 140.49 74.54  113 150 37 20.5 3 13400  227 333 106 93.5 4 13500 
Flinders F 140.49 74.54  - - - - - -  194 335 141 133.5 4 14600S 
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Limestone Coast F 140.49 74.54  109 154 45 31.5 3 12800  209 276 67 57.5 6 13400 
Limestone Coast F 140.49 74.54  113 160 47 36 6 13300  205 277 72 61 4 14300 
Limestone Coast M 140.49 74.54  113 159 46 33.5 4 13300  208 279 71 61.5 4 13000 
Limestone Coast F 140.49 74.54  118 153 35 19.5 3 13000  200 301 101 89 4 13500 
Limestone Coast M 140.49 74.54  116 157 41 24.5 2 13600  203 286 83 73.5 7 14400 
Limestone Coast M 144.80 75.52  107 148 41 30.5 2 13200  203 275 72 58 5 13300 
Limestone Coast F 110.47 73.46  116 149 33 20.5 4 13400  207 274 67 52 4 13000 
Limestone Coast M 141.37 73.44  112 147 35 24.5 4 13100  225 283 58 47 3 12900 
Limestone Coast M 148.11 75.21  115 152 37 26.5 2 13200  209 279 70 58.5 5 14800 
Limestone Coast M 125.70 73.31  106 147 41 29 3 12800  213 285 72 61 4 12700 
Limestone Coast F 150.01 71.57  117 152 35 19.5 4 13900  206 279 73 63 3 12900 
Limestone Coast M 136.20 71.54  104 148 44 34 3 13100  209 262 53 37.5 4 13400 
Limestone Coast M 175.43 69.70  116 152 36 25.5 3 13700  203 263 60 48.5 3 12700 
Limestone Coast F 128.23 73.25  115 150 35 21.5 4 12700  200 305 105 93.5 5 13000 
Limestone Coast M 138.00 75.36  112 145 33 22.5 3 13100  211 283 72 64 4 14500 
Limestone Coast M 142.35 73.46  107 146 39 29.5 3 12900  201 273 72 61.5 4 14300 
Limestone Coast M 112.93 74.21  116 147 31 22.5 3 13000  207 253 46 35.5 4 13600 
Limestone Coast M 142.72 75.52  111 151 40 23.5 4 13100  219 280 61 50.5 3 13100 
Limestone Coast M 146.60 75.22  115 159 44 30 3 14100  216 264 48 37 4 13600 
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Table S2. Post-hoc pairwise comparison of proportion of Ruddy Turnstone individuals using 
the different stopover regions during pre-breeding migration along the East Asian 
Australasian Flyway. Only pairs showing significant differences are listed. Region numbers 
correspond to stopover regions mapped in Figure 3. 
 
 Stopover regions t df p 
1:6 18.7 115.9 5.68e-13 
1:7 9.3 89.7 1.54e-08 
2:6 17.5 124.2 0 
2:7 8.8 96.4 1.48e-08 
3:6 17.5 124.2 0 
3:7 8.8 96.4 1.48e-08 
4:6 17.5 124.2 0 
4:7 8.8 96.4 1.48e-08 
5:6 18.7 115.9 5.68e-13 
5:7 9.3 89.7 1.54e-08 
6:8 17.5 124.2 0 
6:9 18.7 115.9 5.68e-13 
7:8 8.8 96.4 1.48e-08 
7:9 9.3 89.7 1.54e-08 
 
 
Table S3. Post-hoc pairwise comparison of stopover duration of Ruddy Turnstone individuals 
using the different stopover regions during pre-breeding migration along the East Asian 
Australasian Flyway. Only pairs showing significant differences are listed. Region numbers 
correspond to stopover regions mapped in Figure 3. 
 
Stopover regions t df p 
1:6 12.2 55.5 1.9e-10 
1:7 10.9 40 2.2e-10 
6:9 9.1 8.8 6.7e-3 
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Table S4. Post-hoc pairwise comparison of proportion of Ruddy Turnstone individuals using 
the different stopover regions during post-breeding migration along the East Asian 
Australasian Flyway. Only pairs showing significant differences are listed. Region numbers 
correspond to stopover regions mapped in Figure 4. 
 
Stopover regions t df p 
1:4 10.8 82.5 8.06e-09 
1:4 10.2 89.4 3.77e-08 
11:4 10.2 89.4 3.77e-08 
12:4 10.8 82.5 8.06e-09 
13:4 6.8 107.9 5.85e-06 
14:4 10.8 82.5 8.06e-09 
2:4 8.7 102.2 6.16e-10 
3:4 10.8 82.5 8.06e-09 
4:5 11.5 74.2 0 
4:6 5.3 107.2 0.00445 
4:7 11.5 74.2 0 
4:8 6.8 107.9 5.85e-06 
4:9 10.8 82.5 8.06e-09 
 
 
Table S5. Post-hoc pairwise comparison of stopover duration of Ruddy Turnstone individuals 
using the different stopover regions during post-breeding migration along the East Asian 
Australasian Flyway. Only pairs showing significant differences are listed. Region numbers 
correspond to stopover regions mapped in Figure 4. 
 
Stopover regions t df p 
13:4 9 47.7 5.93e-08 
14:4 11.7 20.1 1.20e-06 
3:4 9.6 7.5 0.040 
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Figure S1. Map showing capture location of three wintering populations of Ruddy Turnstone 
in south-eastern Australia, namely King Island, Flinders and Limestone Coast birds. 
 
 
 
Figure S2. Number of stopover regions used (mean ± 95% confidence interval and sample 
size) during pre-breeding and post-breeding migration of Ruddy Turnstones from three 
wintering populations in south-east Australia migrating along the East-Asian Australasian 
Flyway.  
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Figure S3. Residency density map during pre-breeding and post-breeding migration of Ruddy 
Turnstones from three wintering populations in south-east Australia migrating along the East-
Asian Australasian Flyway. This migration path is divided by 250x250 km grid, and aggregated 
across all 2,000 iterations of all individuals during residency period for each grid. Colour 
shading from white to red indicates Ruddy Turnstone residency density from low to high. 
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Abstract 
Due to rapidly changing global conditions, many migrating species have changed the 
timing and site use of their annual movements. Although spatial and temporal 
adjustments are considered to be critical for long-distance migrants to overcome global 
changes, few studies have investigated the extent of phenotypic flexibility in both time 
and site use in the migratory behaviour of these species. Using tracking records of a large 
number of Ruddy Turnstones (Arenaria interpres), a long-distance, Arctic-breeding 
migratory shorebird that uses the East Asian-Australasian Flyway, we investigated the 
population changes in both time and site use across seven years. Using repeated tracks, 
we also investigated individual time and site use during both pre- and post-breeding 
migration to identify potential constraints in their annual cycle. We found that Ruddy 
Turnstone have considerably advanced their migration timing during pre-breeding 
migration, which might reflect their inherent phenotypic flexibility. However, we cannot 
rule out that the observed apparent phenotypic flexibility was confounded by the initial 
attachment of geolocators, which we identified affect pre-breeding departure date. 
Anecdotal evidence of an individual tracked over four consecutive years also suggests 
such initial geolocator effect. Besides varying migration timing over the seven-year study 
period, Ruddy Turnstone also showed some change in stopover site use during both pre- 
and post-breeding migration at the population level, but less variation at individual levels. 
Also in the light of the generally high individual repeatabilities in migration behaviour that 
we observed, we suggest that microevolutionary processes may have importantly led to 
the observed changes in migration behaviour during this seven-year study. 
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Introduction 
Animals have evolved migratory behaviour to exploit seasonal resource peaks at spatially 
segregated locations. Matching migration timing with these local resource peaks is often key 
to successful reproduction and other critical life history events (Dawson 2008). However, such 
timing is increasingly threatened by climate change, which has led to phenological changes in 
primary production (Menzel 2000; Edwards & Richardson 2004) with cascading effects into 
higher trophic levels (Root et al. 2003; Pearce-Higgins et al. 2005; Thackeray et al. 2010). 
Importantly these phenological changes may progress at different rates across trophic levels, 
where higher trophic levels cannot keep up with changes at lower levels (Edwards & 
Richardson 2004; Thackeray et al. 2010). Such trophic decoupling or mismatching impedes 
ecological interactions and forms a considerable threat to biodiversity (Blois et al. 2013). 
Global warming has advanced most rapidly at high latitudes compared to low 
latitudes, a phenomenon coined Arctic amplification (Screen & Simmonds 2010; Comiso & 
Hall 2014). As a consequence, the timing of resources in the Arctic, which serve as breeding 
grounds for many migrants, has advanced relative to resource availability at their wintering 
grounds and stopover sites at lower latitudes. Due to these unsynchronized changes along 
their routes, migrants leaving wintering sites would need to increase their speed of migration 
in order to remain making optimal use of resource availability along their migration path. 
However, the speed of migration is not only determined by environmental conditions and 
resource availability at the stopover sites along their route but also by their rate of 
accumulation of body stores (Alerstam & Lindström 1990; Both 2010). Consequently, 
migrants have a high probability of experiencing phenological mismatches because of 
geographically heterogeneous climatic variation along their routes and inherent physiological 
and morphological constraints in attaining migration readiness. 
 In addition to climate change, changes in land use such as urbanization, agriculture 
and fisheries (Pielke et al. 2002), have additional major impacts on the global environment 
(Kalnay & Cai 2003; Cumming et al. 2014). For migrants, it is increasingly likely that one or 
more links in the chain of sites on which they rely for successful migration are deteriorated or 
lost through environmental changes other than those resulting from climate variation. 
Consequently, attempts to advance the timing of arrival at the breeding grounds stand a fair 
chance of falling short, resulting in reduced breeding performance, as exemplarily shown in 
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several long-term studies (Visser et al. 1998; Both & Visser 2001; Both et al. 2006; Rockwell 
et al. 2012; Senner 2012; van Gils et al. 2016). Coping with the multitude of changes that may 
occur along their migratory route may thus be challenging (Brower & Malcolm 1991; Both et 
al. 2006; Wilcove & Wikelski 2008) and may explain why migratory species, particularly long-
distance ones, have experienced (more) serious declines than closely related resident species 
(Sanderson et al. 2006; Pearce-Higgins et al. 2015; van Gils et al. 2016). 
Understanding how migrants adjust their migratory behaviours in response to 
changes along their migratory pathways is critical for identifying bottlenecks in their life and 
annual cycles, which importantly aid conservation efforts. There are ample examples of 
animal populations changing their migration behaviours in response to climate and other 
environmental changes, including modifications in migration phenology, migration routes, 
and shifts in wintering and breeding grounds (Sutherland 1998; see reviews in Fiedler 2003 
and Knudsen et al. 2011). However, most studies have been limited to describing changes in 
only a few aspects of migratory behaviour (but see Kölzsch et al. 2015). More holistic 
approaches which examine both changes in the temporal and spatial organisation of 
migration along the entire migration route is lacking. This is likely due to the logistic difficulty 
in tracking many animals of a population across the entire migratory route for multiple years. 
However, given the rapid decline in migratory populations, such detailed studies are urgently 
required to inform conservation efforts and avert species loss, particularly for migration 
corridors in jeopardy. 
In this research, we were able to examine spatial and temporal variations of a long-
distance migrant that has been part of a long-term geolocator study. Using a large number of 
individual tracks, we investigated the change in time and space use during pre- (n = 67) and 
post-breeding (n = 63) migration across seven years of the long-distance migratory Ruddy 
Turnstone (Arenaria interpres), a shorebird migrating along the East Asian-Australasian 
Flyway (EAAF). The EAAF has experienced one of the most serious declines in migratory 
shorebird numbers around the globe (Amano et al. 2010; Wilson et al. 2011), which is largely 
thought to be caused by the rapid coastal habitat losses along their flyway, notably in the key 
stopover region of the Yellow Sea between eastern China and the Korean Peninsula (Rogers 
et al. 2009; Ma et al. 2014). Assessing how long-distance migrants change their migration 
phenology and stopover site use in response to these rapid changes is key to understanding 
their population dynamics and for identifying crucial sites for conservation efforts. 
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Changes in migratory behaviour at the population level may be brought about by two 
mutually non-exclusive mechanisms: microevolution, which results in a change in prevalence 
of genotypes and phenotypic flexibility, whereby individuals can modify their migratory traits 
(Przybylo et al. 2000). Distinguishing the relative importance of these mechanisms in driving 
population change is vital for understanding and predicting population dynamics (Gienapp et 
al. 2007; Lindström et al. 2014). While microevolution is the foundation for widespread 
population changes, the speed of microevolution is typically slow, potentially requiring 
multiple generations to lead to significant adaptive responses. Phenotypic flexibility is a much 
faster response mechanism whereby individual birds respond adaptively to environmental 
variations during the course of their life. Notably in the face of rapid global changes, 
phenotypic flexibility might be crucial in offering important, timely solutions (Price et al. 2003; 
Yeh & Price 2004). The potential importance of consistent between-individual differences in 
behaviour is an additional reason to study individuals across years. For example, some 
individuals might be consistently earlier or later than others. Such repeatability sets a rough 
upper limit for heritability (Falconer et al. 1996; but see Dohm 2002), which underpins 
microevolution. Measurement of individual changes across years and individual repeatability 
therefore assists in disentangling these alternative mechanisms (Nussey et al. 2007), 
providing additional insights that may aid in predicting population responses to 
environmental change (Przybylo et al. 2000; Nussey et al. 2005; Nussey et al. 2007).  
Thus, in addition to investigating the changes of migration phenology and stopover 
site use at the population level, we also investigated these changes at the individual level, 
allowing the estimation of within-individual variability and individual repeatability, and the 
contribution of individual flexibility to the observed changes at the population level. 
Specifically, we investigated population changes with year in migration phenology in terms of 
departure date, arrival date, migration duration, stopover duration. Changes in space use 
were investigated in terms of which stopover sites were used, the proportion of individuals 
visiting each site and the length of stay (stopover duration). Next, we investigated individual 
changes and individual repeatability in migration phenology and stopover site use, and 
individual repeatability in migratory routes.  
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Methods 
Animal capture and geolocator deployment and processing 
All Ruddy Turnstones were captured at the end of each wintering season (February- May) 
between 2009-2015, except for three individuals that were recaptured during the months of 
November and December. Birds were captured at three locations in Australia: King Island, 
Tasmania (143.90E, 400S); Barwon Heads and Flinders, Victoria (1450E, 38.50S) and on the 
Limestone Coast in the southeast of South Australia (140.70E, 380S). Ruddy Turnstones were 
captured by cannon net at high tide roosts or feeding locations on ocean shores. Each 
individual was banded with a metal ring and its body mass, wing length, bill length, and head 
+ bill length were measured. Individual age and sex was determined on birds caught in March 
and April based on plumage characteristics (Higgins & Davies 1996). Sex was later validated 
by molecular method, using the forward primer F2550 and reverse primer R2718 following 
the methods in Griffiths et al. (1998). Detailed description of validation of field sexing is 
provided in Chapter 2.  
Light-level geolocators (hereafter referred to as geolocator) were attached to a plastic 
leg-flag using epoxy resin and reinforced using a double Kevlar string thread. Details on 
attachment methods are provided in Minton et al. (2010). The number of geolocators 
deployed, and the performance of retrieved geolocators (i.e. numbers delivering full, partial 
or no tracks) are described in Chapter 2. The present study used a data set comprising first-
year deployment tracks, (n = 67 and 63 for pre- and post-breeding migration, respectively; 
Table 1 in Chapter 2) and tracks from individuals that were tracked for two consecutive years 
(second-year tracks: n = 12 and 9 for pre- and post-breeding migration, respectively). One 
individual was incidentally tracked for four consecutive years yielding tracks for four pre-
breeding migrations and three post-breeding migrations. The third- and fourth-year tracks 
were only plotted for illustration purposes, but were not included in statistical analyses. In 
most cases (8 out of 12) the second-year tracks were recorded with different geolocators, 
with individuals being captured and geolocators changed in between years. Second-year 
tracks were used to calculate individual repeatability in migration behaviour. All individuals 
with repeated tracks were tracked in consecutive years spread over the seven-year period of 
the study.  
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Using light intensity recorded from geolocators, positions at each sunrise and sunset 
were derived for each individual along its migratory path using a Bayesian framework. For 
each individual 2,000 samples (where each sample constitutes a chain of possible positions 
during sunrise and sunset connecting the entire migration pathway) were generated. We 
used the median positions of each sunrise and sunset to represent the most likely migration 
pathway. A detailed protocol for geolocator data processing and a description of the methods 
used in defining stationary periods (migratory stopovers) and movement can be found in 
Chapter 2.  
Migration phenology 
For each individual, four variables depicting migration phenology were derived for both pre- 
and post-breeding migration: departure date and arrival date (both in Julian days), total 
migration duration and stopover duration (both in days, d). Total migration duration was 
defined as the days elapsed between departure from the wintering and arrival at the breeding 
grounds and vice versa, for pre and post-breeding migration, respectively. Stopover duration 
was defined as the sum of stationary time periods during either pre- or post-breeding 
migration.  
To investigate potential changes in migration phenology over the seven-year study 
period at the population level we used general linear models using first-year tracks only. For 
both pre- and post- migration, the dependent variables departure date, arrival date, total 
migration duration and stopover duration were regressed against the independent terms year 
(covariable), population (deployment location), sex, the period of geolocator deployment, 
and the interaction between year and population. Date of geolocator deployment was 
grouped into three periods: early, mid and late season, running from the 15th of November 
until the 17th of March, from the 18th of March until the 11th of April and from the 11th until 
the 23rd of April. These three periods were chosen to contain 25%, 50% and 25% of all 
individuals, respectively. We implemented a backwards selection using the function ‘stepAIC’ 
from the R-package ‘MASS’ to select models with the lowest Akaike Information Criterion 
(AIC). Since the thus acquired model with the lowest AIC can still include insignificant terms 
(i.e. p > 0.05), we continued backward model selection using likelihood ratio tests using the 
‘drop1’ function until all terms in the model reached significance. Hereafter, we refer to these 
models as population phenology models. 
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We examined if year had an effect on migration phenology at the individual level using 
general linear models based on a data set comprising both first- and second-year (i.e. 
repeated) tracks from individuals that were tracked across two consecutive years. For the 
population phenology models, we ran models for all four migration phenology variables (i.e. 
departure date, arrival date, total migration duration and stopover duration) for both pre- 
and post-breeding migration separately. Given the low sample size, year was included as the 
only fixed term in these models. To investigate if the results at the individual level could 
potentially be due to a geolocator effect, whereby birds might be hampered and delayed in 
their first year of carrying a geolocator, we also repeated each model where year was 
substituted by a binary term, y1y2, to distinguish between the first- and second-year tracks. 
Hereafter, we refer to these models as individual phenology models. 
Individual repeatability was calculated using linear mixed models. For each of the four 
migration phenology variables, we calculated repeatability by using two alternative data sets, 
and obtained repeatability from each. The first data set comprised all tracks. Each migration 
variable was regressed against all terms which had a significant effect in its respective 
population phenology model, with individual included as a random term. Linear mixed models 
were implemented using the ‘lme’ function from the R-package ‘nlme’. Final models were 
selected based on the same procedures applied for the population phenology models. 
Between and within-individual variation was obtained from these final models. Repeatability 
was calculated by dividing between-individual variation by the sum of between- and within-
individual variation. Repeatability ranges between 0 and 1, with larger numbers indicating 
higher repeatability and is associated with large between- compared to within-individual 
variations. P values for repeatabilities were obtained by comparing the final models with and 
without including individual as a random term and was tested by the likelihood ratio test (LRT) 
with one degree of freedom, following Nakagawa and Schielzeth (2010). We also calculated 
repeatability and its associated p values for each migration phenology variable by repeating 
the same procedures using a second data set comprising repeated tracks only. 
Stopover site use 
To quantify the intensity of stopover site use, we conducted a K-means clustering analysis 
based on a data set consisting of the median positions from all first- and second-year tracks 
for each bird and each area in which it had a stationary period or stopover. The K-means 
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clustering analysis joins stopover sites into stopover regions (i.e. clusters), and it was applied 
to pre- and post-breeding migration separately. The analysis was implemented using the 
‘kmeans’ function from R-package ‘stats’, which required the input of the number of clusters 
requested. Aiming to mirror the stopover regions identified in Chapter 2 (Chapter 2, Figure 
3a and 4a), we created 7 and 8 clusters for pre- and post-breeding migration, respectively.  
We assessed the use of each stopover region in terms of both site visitation (the 
proportion of individuals visiting the region) and stopover duration (length of stay in the 
region) and how these varied over the course of the seven-year study period. We did this for 
pre- and post-breeding migration separately. Given that many stopover regions were visited 
by only a few individuals, the statistical power for detecting a year effect was generally 
limited. Therefore, we constrained analyses to the major stopover regions that were visited 
by more than 20 individuals. We used generalized linear mixed modelling to test if site 
visitation varied with year, setting family as binomial or quasibinomial in case the data were 
over-dispersed. This was done using the ‘glm’ function in the R-package ‘stats’. To test if 
stopover duration varied with year, we used a zero-truncated negative binomial model, using 
the ‘glmmadmb’ function in the R-package ‘glmmADMB’. In all models, besides year, also 
stopover region, population, sex and date of geolocator deployment, and all two-way 
interactions between year, stopover region and population, were included as fixed terms. 
Considering individuals visited more than one stopover region along the flyway, individual 
was included as a random term. To select the best fitting models, we first compared models 
with and without including individual as a random term and selected the one with the lowest 
AIC. Next we implemented a backwards selection of terms. For the binomial models we used 
the function ‘stepAIC’ from the R-package ‘MASS’ to select models with the lowest AIC. Since 
the thus acquired model with the lowest AIC can still include insignificant terms (i.e. p > 0.05), 
we continued backward model selection using likelihood ratio tests using the ‘drop1’ function 
until all terms in the model reached significance. The quasibinomial and zero-truncated 
negative models did not allow for the use of ‘stepAIC’ and we only used the likelihood ratio 
test using the ‘drop1’ function until all terms included in the models were significant. Given 
the small number of repeated tracks, we did not test the changes of stopover site use with 
years at individual level. We refer to these models as population stopover models. 
We calculated repeatability in site visitation and stopover duration at each of the major 
stopover regions (i.e. visited by more than 20 individuals) using generalized linear mixed 
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models and, as for the repeatability calculations in migration phenology, using two data sets. 
The first data set comprised all tracks. Only the fixed terms that showed a significant effect in 
the final population stopover model were included, including individual as a random term. 
Model selection followed the same procedure applied to the selection of the population 
stopover models but always keeping individual as a random term. Repeatability was 
calculated from the final mixed models. P values were obtained using LRT test by comparing 
the final mixed models with and without including individual as a random term. We calculated 
repeatability for each stopover region by repeating the same procedure based on a second 
data set comprising repeated tracks only.  
Migratory routes and day-by-day route distance 
To compare migratory route use within and between individuals, we calculated the difference 
between two tracks as the area between them (see Figure S1, Appendix). This was done by 
comparing all possible pairs of tracks from all first- and second-year tracks from all individuals, 
using the function ‘gArea’ from the R-package ‘rgeos’. Besides migratory route, two tracks 
may differ in their migration itineraries, as shown by differences in time and position during 
the entire pre- or post-breeding migration. We estimated such day-by-day route distances as 
the average of the great circle distances between two tracks at each twilight on the same day 
for the duration of migration, spanning from the first departure date to the last arrival date 
of the two tracks. The distance was calculated using the function ‘distCosine’ from the R-
package ‘geosphere’. For each pair of tracks, we compared the first sample from track 1 with 
the first sample from track 2 and repeated the comparisons for each of the 2,000 samples 
from the two tracks. The median value from these 2,000 comparisons was used to represent 
the difference between the two tracks. Repeatability in migratory route and day-day-by route 
distance was calculated by dividing the between-individual pairs variation by the sum of the 
between- and within-individual pairs variation. The P value for repeatability was obtained 
using Bartlett's test. For both migratory route and day-by-day route distance, repeatability 
was calculated using two data sets comprising all first- and second-year tracks from all 
individuals and comprising repeated tracks only.  
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Results 
Temporal changes in migration phenology 
Based on first-year tracks of all individuals to assess changes in migration phenology at the 
population level, we found that all four migration phenology variables changed with year 
during pre-breeding migration (Table 1 and Figure 1). During the seven-year study period, 
Ruddy Turnstones advanced their departure date from the wintering grounds by an average 
of 1.8d/yr, while also advancing their arrival date at the breeding grounds by 1.2d/yr. The 
timing of arrival at the breeding grounds thus did not advance as much as the timing of 
departure, and migration duration and stopover duration thus gradually increased over the 
same period by on average 1.7d/yr and 1.6d/yr, respectively. Contrastingly, post-breeding 
arrival date, migration duration and stopover duration did not significantly vary with year, 
yet, departure date from the breeding grounds did. On average, the onset of post-breeding 
migration advanced by 1.5d/yr between the years 2009 and 2015 (Table 1 and Figure 1).  
Limiting the analysis to repeated tracks only, we generally found that pre-breeding 
migration phenology changed in the same direction over time at both individual and 
population levels, except for arrival date at the breeding grounds, which remained unchanged 
in the “repeated tracks, year” cohort (Table 1). At the individual level, the advancement in 
departure date from the wintering grounds tended to be larger than was observed at the 
population level and also the increase in the migration duration and stopover duration tended 
to be larger. These results suggest either a stronger year effect at the individual level or birds 
being somewhat hampered in their migration by carrying a geolocator in their first year of 
deployment. Indeed, comparing results obtained during the first- and second-year tracks 
yielded more pronounced changes in migration phenology compared to the analysis of a year 
effect alone at both the population and the individual levels (“repeated tracks, y1y2”, Table 1 
and Figure 2). No significant year trends were observed when analysing the repeated tracks 
during post-breeding migration. 
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Table 1. Year effect in pre- and post-breeding migration phenology for Ruddy Turnstones 
migrating along the East Asian Australasian Flyway between south-east Australia and the high 
Arctic between 2009 and 2015. Comparisons were made at the population level using first-
year tracks only (first tracks, year) and at the individual level using repeated tracks only 
(repeated tracks, year). To study if the results at the individual level were due to a geolocator 
effect whereby we expect birds to be relatively hampered and delayed in their first year of 
carrying a geolocator we also used repeated tracks where the year was substituted by a “first 
year or second year” binary variable (repeated tracks, y1y2). Only variables showing a 
significant year effect at the population level are depicted. For these cases also the repeated 
track analysis results are shown. Values are mean ± SE (d/yr). Non-significant relationships 
are italicised.  
 
 Pre-breeding  Post-breeding 
 
 
first tracks, 
year 
repeated 
tracks, year 
repeated 
tracks, y1y2 
 first tracks, 
year 
repeated 
tracks, year 
repeated 
tracks, y1y2 
Departure 
date 
-1.8±0.5 
(t5.3,58 = -3.83, 
p<0.001) 
-2.7±1.1 
(t11 = -2.66, 
p=0.028) 
-5.3±3.3 
(t11 = -2.95, 
p=0.013) 
 -1.5±0.6 
(t7.5,57 = -2.34, 
p=0.022) 
-0.5±1.4 
(t8 = -0.35, 
p=0.732) 
-1.1±3.2 
(t8 = -0.35, 
p=0.736) 
        
Arrival 
date 
-1.2±0.4 
(t5,62 = -3.26, 
p=0.002) 
-0.9±0.7 
(t11 = -1.25, 
p=0.236) 
-3.0±1.2 
(t11 = -2.45, 
p=0.032) 
    
        
Migration 
duration 
1.7±0.5 
(t5.3,58 = 3.16, 
p=0.003) 
2.1±0.8 
(t11 = 2.48, 
p=0.031) 
2.3±1.3 
(t11 = 1.74, 
p=0.111) 
    
        
Stopover 
duration 
1.6±0.5 
(t5.2,58 = 3.03, 
p=0.004) 
2.0±0.9 
(t11 = 2.32, 
p=0.041) 
3.7±1.6 
(t11 = 2.34, 
p=0.039) 
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Figure 2. Contrasting migration 
phenology in year 1 and year 2 for 
individual Ruddy Turnstones tracked 
in two consecutive years (and during 
four consecutive pre-breeding 
migrations and three consecutive 
post-breeding migrations in one 
individual; year order plotted in 
symbols). For each migration 
variable, individuals are ranked 
based on their first year 
performance (red circles; all 
subsequent years: blue triangles). 
Departure and arrival date are 
shown using Julian date (1st January 
= 0). 
Figure 1. Change in migration 
phenology in Ruddy Turnstones 
migration from south-east 
Australia to the high Arctic 
along the East Asian 
Australasian Flyway between 
2009 and 2015 during both pre- 
(left panels) and post-breeding 
(right panels) migration. Partial 
residuals for year are plotted on 
the Y-axes, corrected for any 
other significant terms in the 
final population phenology 
models, including sex, 
population, and deployment 
date. Solid lines indicate 
significant trends. 
 78 
 
Individual repeatability in migration phenology 
Using both all first- and second- year deployment tracks of all individuals, we calculated 
within- and between-individual variation in migration phenology to assess their repeatability 
(“all tracks”, Table 2). We found that during pre-breeding migration, within-individual 
variation was similar or lower than between-individual variation in arrival date, migration 
duration and stopover duration, resulting in (near) significant repeatabilities in the 0.50-0.61 
range. Within- compared to between-individual variation was higher in pre-breeding 
departure date, and its repeatability was thus low (0.26) and not statistically different from 
zero. During post-breeding migration, similar patterns among the four phenology variables 
were observed as in pre-breeding migration. Within-individual variation was much higher 
than between-individual variation in arrival date, migration duration and stopover duration, 
with repeatabilities ranging from 0.73 to 0.76. For post-breeding departure date, within- 
compared to between-individual variation was higher and repeatability was an estimated 
0.26 and statistically non-significant.  
 
Table 2. Repeatability (r) and the associated within- and between-individual variance in 
migration phenology for Ruddy Turnstones during pre- and post-breeding migration along the 
East-Asian Australasian Flyway. Repeatability was calculated using all tracks (upper rows) and 
using repeated tracks only (lower rows).  
 
 r p between within  r p between within 
 Pre-breeding, all tracks  Post-breeding, all tracks 
Departure date 0.26 0.139 6.6 19  0.26 0.259 16 46 
Arrival date 0.60 0.011 13.7 9.2  0.76 0.020 246 77 
Migration duration 0.50 0.054 13 13  0.73 0.026 222 81 
Stopover duration 0.61 0.010 15.6 9.8  0.73 0.017 230 84 
          
 Pre-breeding, repeated tracks only  Post-breeding, repeated tracks only 
Departure date 0.61 0.011 31 20  0.21 0.271 11 41 
Arrival date 0.55 0.022 11 9  0.46 0.076 65 76 
Migration duration 0.58 0.018 14 10  0.50 0.059 70 71 
Stopover duration 0.63 0.012 17 10  0.72 0.012 104 41 
 
Limiting the analysis to repeated tracks only, we found that within- compared to 
between-individual variation was lower for all four migration phenology variables (“repeated 
tracks only” in Table 2 and Figure 3) with statistically significant repeatabilities varying 
between 0.55-0.63. Different patterns were observed during post-breeding migration. 
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Within- compared to between-individual variation was similar or higher in departure date, 
arrival date and migration duration with statistically non-significant repeatabilities in the 
0.21-0.50 range. Only for stopover duration within-individual variation was lower than 
between-individual variation, resulting in a statistically significant repeatability of 0.72.  
 
 
Figure 3. Absolute differences in four migration phenology variables within (left boxplots) and 
between (right boxplots) individual Ruddy Turnstones during pre-breeding (blue boxplots and 
post-breeding (red boxplots) migration along the East-Asian Australasian Flyway. The thick 
line within each box and whisker plot represents the median, and the lower and upper box 
border represent the first and the third quartile, respectively. Whiskers denote the lower and 
upper 95% confidence interval. Dots outside the whiskers are outliers above or below the 
95% confidence interval. 
 
Temporal changes in stopover site use 
Seven and eight stopover regions were examined for pre- and post-breeding migration, 
respectivey (Figure 4). Using first-year tracks of all individuals, we assessed stopover site use 
across the seven years. During pre-breeding migration, the southern East Asian coast and 
northern East Asian coast (Regions 5 and 6, respectively) were the only major stopover 
regions (i.e. visited by more than 20 individuals) with 61 (97%) and 53 (84%) individuals using 
this as a stopover site, respectively. The southern East Asian coast stretched from Taiwan, 
Fujian and Jiangsu, hereafter referred to as Taiwan-Fujian coast. The northern East Asia coast 
was mainly comprised of the Yellow Sea, hereafter referred to as the Yellow Sea.  
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Figure 4. Stopover regions of Ruddy Turnstone during pre- and post-breeding migration 
between the south-east Australian wintering grounds and the high Arctic breeding grounds. 
Stopover regions, clusters of stopover sites, are grouped based on K-means clustering. Each 
dot represents the median position of an individual’s stopover location, dots within a region 
being assigned an identical colour. Regions are numbered from low to high latitude during 
pre-breeding migration, while are ranked from high to low latitude during post-breeding 
migraton. 
 
Considering only these two regions in the model, the probability of individuals visiting 
these regions declined in a similar fashion across years by 10%/yr (95% confidence interval 
[CI] = 0.00-19%/yr, p = 0.046; Figure 5). During post-breeding migration, contrastingly, as 
many as five stopover regions were visited by more than 20 individuals, including the Yellow 
Sea, the Taiwan-Fujian coast, the Philippines, islands between Indonesia and Papua New 
Guinea, and the southwest coast of Australia (Regions 3, 4, 5, 6 and 8). If only these five 
regions were considered in the model, we found that the probability of individuals visiting the 
Yellow Sea declined by 15%/yr (CI = 1-28%/yr, p = 0.039), whilst the probability of visiting the 
Taiwan-Fujian coast increased by 8%/yr (CI = 2-14%/yr, p = 0.013). No trends with year were 
detected for any of the other three stopover regions. Contrary to site visitation, the stopover 
durations within the major regions (i.e. visited by >20 individuals) did not vary with year 
during both pre-breeding migration (χ2(1) = 0.60, p = 0.44) and post-breeding migration (χ2(1) 
= 0.52, p = 0.47). 
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Figure 5. Change in site visitation (i.e. proportion of individuals visiting a stopover region) 
during both pre- (left panel) and post-breeding (right panel) migration across a seven-year 
study following Ruddy Turnstones migration from south-east Australia to the high Arctic along 
the East Asian Australasian Flyway. Only the Yellow Sea and Taiwan-Fujian coast showed a 
significant year effect and they did so during both seasons (i.e. Regions 6 and 5 during pre-
breeding migration, and Regions 3 and 4 during post-breeding migration, respectively). Both 
numbers and colours correspond to clusters in Figure 4. Shaded bands indicate 95% 
confidence interval of predicted values. 
 
Individual repeatability in stopover site use 
For pre-breeding migration the analysis of repeated tracks revealed that both within- and 
between-individual variation in site visitation were low. All animals tended to visit the same 
regions from year to year. For instance, out of 26 pre-breeding migratory tracks from 12 
individuals that were followed during two-four consecutive years, all but one track went via 
the Taiwan-Fujian coast (Region 5), and all but two tracks from two different individuals went 
via the Yellow Sea (Region 6; top-left Figure 6). Since almost all individuals visited these two 
regions and thus virtually no variation was left to be explained by individuals, repeatability 
could not be meaningfully assessed (“Site visitation”, Table S1, Appendix). Besides the Yellow 
See and the Taiwan-Fujian coast, the Philippines (Region 3) was visited in ten out of the 26 
cases. These ten cases were distributed rather randomly between and within individuals. 
Thus, repeatability was not significant for this Stopover region, irrespective of the data set 
used (i.e. all tracks or repeated tracks only; “Site visitation”, Table S1, Appendix). Other 
stopover regions were not, or only occasionally, visited (0-3 visits out of 26 tracks) and 
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repeatability could, again, not be meaningfully assessed. Repeated tracks showed that 
stopover duration at each site was similar between and within individuals (bottom-left Figure 
6). Because most regions, with the exceptions of the Yellow Sea and the Taiwan-Fujian coast, 
were only infrequently visited, estimating repeatability for these regions was impossible or 
not meaningful. For the frequently visited Yellow Sea and the Taiwan-Fujian coast, 
repeatability was not significant in either region, irrespective of the data set being used (i.e. 
all tracks or repeated-tracks only, “Stopover duration”, Table S1, Appendix). 
During post-breeding migration, Region 2 was not visited by the nine individuals for 
which we had repeated tracks, and Region 7 was visited only once by single individual. 
Contrastingly 18 out of the 19 repeated tracks showed a touchdown at the Yellow Sea (Region 
3). Only one Ruddy Turnstone skipped the site during one of its post-breeding migrations at 
one occasion (top-right panel in Figure 6). Again, as for pre-breeding migration, calculations 
of repeatability in visitation of this region was not meaningful (Table S1, Appendix). All other 
regions (Regions 1, 4-6, and 8) were more sporadically visited. In all cases the repeatability in 
visitation of these regions was non-significant using either the data set comprising all tracks 
or repeated tracks only (“Site visitation”, Table S1, Appendix). As for pre-breeding migration, 
also during post-breeding migration the repeated tracks showed that stopover duration in 
each region was similar between and within individuals (bottom-right Figure 6). Sample size 
was only big enough for the Yellow Sea to allow estimation of repeatability in stopover 
duration, which was not significant (“Stopover duration”, Table S1, Appendix).  
Individual repeatability in migratory route and day by day migration route 
Using first- and second-year tracks of all individuals, between-individual variation in pre-
breeding migratory route was considerably larger than the within-individual variation, 
yielding a repeatability of 0.75 in migratory route (“all tracks”, Table 3). Also for pre-migratory 
day-by-day route distance, the between-individual variation was larger than the within-
individual variation, with a repeatability of 0.58, although statistically non-significant. Limiting 
the analysis to repeated tracks only, repeatabilities for both migratory route (repeatability 
0.66) and day-by-day route distance (0.56) were statistically non-significant. During post-
breeding migration, repeatability for migratory route was high and statistically significant 
(0.96 and 0.77 using all tracks and repeated tracks, respectively). Repeatability for day-by-day 
route distance was statistically non-significant (0.52 and 0.47, respectively). 
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Figure 6. Use of stopover regions during pre- (left panels, n=12) and post-breeding (right 
panels n=9) migrations across two-four consecutive years for up to 12 individual Ruddy 
Turnstones migrating along the East Asian Australasian Flyway. Top panels show which 
stopover regions were visited by each individual, with filled cells indicating regions being 
visited. Bottom panels show stopover duration for each stopover region as a proportion of 
total stopover duration. The individual’s number is depicted at the top of each panel. For each 
individual, two-four columns indicate profiles of stopover region use across consecutive 
years. Region numbers and colours correspond to stopover regions mapped in Figure 4.  
 
Table 3. Repeatability (r) and the associated within- and between-individual variance in 
migratory route and day by-day-route route distance for Ruddy Turnstones during pre- and 
post-breeding migration along the East-Asian Australasian Flyway. Repeatability was 
calculated using all tracks (upper rows) and using repeated tracks only (lower rows).  
 
 r p between within  r p between within 
 Pre-breeding, all tracks  Post-breeding, all tracks 
Migratory route 0.75 0.027 31983 10828  0.96 0.000 228385 9674 
Day-by-day route distance 0.58 0.447 450161 322851  0.52 0.895 411234 384023 
          
 Pre-breeding, repeated tracks only  Post-breeding, repeated tracks only 
Migratory route 0.66 0.160 20986 10828  0.77 0.033 32049 9674 
Day-by-day route distance 0.56 0.562 417980 322851  0.47 0.843 345621 384023 
 
Discussion 
Using a large number of individual tracks, we found that Ruddy Turnstones have considerably 
advanced their winter departure and breeding site arrival, and extended their time at some 
stopover regions during their migrations along the EAAF over the past seven years. This was 
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potentially explained by phenotypic flexibility, but could also be influenced by the effect of 
initial geolocator attachment. Despite clear year to year advancements in individuals’ pre-
breeding migration phenology, after correcting for these annual trends, their phenology was 
repeatable in most cases during both pre- and post-breeding migration. Also when comparing 
variations in migration routes, individuals showed clear and considerable consistency in their 
spatial migration behaviour, despite changes in that behaviour at the population level. 
Microevolutionary processes resulting in changes in migration behaviour may therefore be 
currently at work. However, some phenotypic flexibility cannot be ruled out although the 
“apparent” phenotypic flexibility observed may also be somewhat exaggerated due to the 
effects of initial geolocator application. What must be noted is that the sample size for 
repeated tracks was limited, with 12 and nine individuals for pre- and post-breeding 
migration, respectively. Therefore, a firm conclusion regarding individual flexibility in 
migration cannot be reached. Nevertheless, our study provides one of the first investigations 
regarding the indidivual flexibility in temporal-spatial migration behaviours (see review in 
Charmantier & Gienapp 2014), which is of importance to conservation efforts in a world 
where environmental changes are taking pace at a very high rate. 
Changes in migration behaviour at the population level 
Arctic amplification and the concomitant advancement of spring (Brown et al. 2010; Comiso 
& Hall 2014) has been observed to also advance arrival date at the breeding grounds in a 
range of bird species (Ward et al. 2015). Also for Ruddy Turnstones Arctic amplification is the 
probable ultimate impetus for the advanced phenology during their pre-breeding migration. 
However, the advancements found thus far are generally much shorter than that we found in 
Ruddy Turnstones (approximately 2 d/yr in departure date and 1 d/yr in arrival date), ranging 
between 0.06 and 0.85 d/yr (e.g. Butler 2003; Jonzen et al. 2006; Gill et al. 2014; Ward et al. 
2015; van Gils et al. 2016). In the absence of detailed data on the weather conditions at the 
breeding grounds of the studied turnstones, the marked advancement in phenology might 
possibly be caused by our study coinciding with a period in which extremely low snow cover 
frequently occurred across the whole Arctic region during the onset of the breeding season 
(May and June; Derksen et al. 2015). Differences in overwintering latitudes of the species 
studied may also contribute to these marked differences. Specifically, Ruddy Turnstone in our 
study overwinter at relatively high latitudes (38-400S), whereas other species studied 
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overwinter at lower latitudes, which are associated with weaker phenological responses in 
both the northern (Root et al. 2003) and the southern hemisphere (Beaumont et al. 2006). 
Whether this marked advancement in migration phenology is sufficient for Ruddy Turnstones 
to keep up with advancements of snow melt and food availability on the Arctic breeding 
ground may be an important topic for further investigation.  
Contrasting with the rapid advancement during pre-breeding migration, the post-
breeding migration phenology of Ruddy Turnstones has remained largely unchanged over the 
seven-year study period, except for an advancement in departure date (1.5d/yr). This earlier 
onset of post-breeding migration is consistent with that found in other long-distance migrants 
with a single brood (as is in Ruddy Turnstones) (Jenni & Kéry 2003). With an earlier arrival at 
the breeding grounds, these species can possibly terminate breeding earlier and arrive before 
the recession of food availability at their stopover sites on their way to the wintering grounds 
further south. The unchanged post-breeding arrival date was consistent with findings in four 
populations of other species wintering in the same region as Ruddy Turnstone in this study, 
yet contrasted with another three populations of yet other species that advanced their arrival 
by 0.55-1.54 d/yr (Beaumont et al. 2006). The more pronounced temporal changes in pre- 
compared to post-breeding migration support the hypothesis that Ruddy Turnstones are 
under higher time selection pressure during pre- compared to post-breeding migration 
(Chapter 2).  
Over the course of the study period, besides variation in migration phenology, Ruddy 
Turnstones also showed changes in stopover sites used during both pre- and post-breeding 
migration. The population as a whole reduced their visitation of the Yellow Sea, which we 
consider to be a response to the habitat deterioration and loss in this region. Two-thirds of 
intertidal mudflat disappeared from the mid-1950s to the early 2000s, which is a trend that is 
still continuing (Murray et al. 2014). This comes in addition to the widespread pollution, algal 
blooms and declines of invertebrate and vertebrate assemblages in the region (Murray et al. 
2015). The decreased visitation of this site was relatively weak during pre-breeding migration 
(0.00-19%/yr, without an apparent increase in site visitation elsewhere), whereas the 
population was more clearly redirecting its site preference from the Yellow Sea to the Taiwan-
Fujian coast during post-breeding migration. Population responses to habitat loss by shifting 
to other stopover sites is consistent with what was found in Pink-footed Goose (Anser 
brachyrhynchus) (Clausen & Madsen 2016) and Ruff (Philomachus pugnax) (Verkuil et al. 
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2012) that moved to neighbouring sites following habitat deterioration or habitat loss. 
However, such flexibility and apparent shifts in site use does not mean that their body 
condition, survival and fitness in general were unaffected (Burton et al. 2006). Furthermore, 
what Ruddy Turnstone displayed was shifting within the same intertidal flat habitat (i.e. 
moving from one intertidal flat habitat to another), supporting the expectation that habitat 
specialists have limited flexibility in site use (Yang et al. 2013). This is in agreement with that 
found in other intertidal specialist Red Knot (Calidris canutus) (Yang et al. 2011) and Great 
Knot (Calidris tenuirostris) (Moores et al. 2008), both remaining in the Yellow Sea region after 
loss of intertidal mudflat sites. These habitat specialists might suffer more seriously from 
habitat loss and degradation than those generalists (Rogers & Gosbell 2006; MacKinnon et al. 
2012; Yang et al. 2013). 
Microevolution or phenotypic flexibility 
Although individual phenotypic flexibility may have contributed to the advancement of pre-
breeding migration at the population level over the past seven years, the cues responsible for 
these changes remain unclear. What appears to be certain, however, is that the Ruddy 
Turnstones’ migration phenology is not entirely under strict photoperiodic control (Gwinner 
1996; Berthold et al. 2013). Yet, it is highly unlikely that the environmental cues at the 
wintering grounds that trigger migration are correlated with the cues ruling food availability 
at the breeding grounds half a globe away (Drent et al. 2007; Bauer et al. 2008; Clausen & 
Clausen 2013). In this regard, it is possibly also important to note that arrival date on the 
breeding grounds did not advance significantly with year at the individual level.  
Rather than being solely a signature of adaptive phenotypic flexibility, the 
advancements we recorded in migration phenology may also have been influenced by 
geolocator effect. This is notably supported by the more pronounced changes from year 1 to 
year 2 compared to the overall annual variation at the population level (Table 1). The 
additional changes from year 1 to year 2 imply that carrying a geolocator in the first 
deployment year may have delayed individual departure from the wintering grounds, 
extended stopover duration and delayed arrival date at the breeding grounds. Under this 
scenario we thus assume that this geolocator effect declines with time and may not be 
noticeable in subsequent years with individuals adjusting to the geolocator. The anecdotal 
example of one bird being tracked during four consecutive years provides support for such a 
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temporary geolocator effect (Figure 2). In this individual, departure from its wintering ground 
is significantly delayed in year 1 compared to the three subsequent years of carrying the 
geolocator. On the other hand, its consistent advancement in pre-breeding arrival date over 
the four consecutive years suggests individual phenotypic flexibility may also be contributing 
to its phenological changes.  
Further support for a potential geolocator effect comes from a significant effect of the 
date of geolocator deployment in relation to departure times. Individuals fitted with 
geolocators later in the season and, thus, closer to their departure date, departed 6.3 days 
later (t5.3,58 = 2.51, p = 0.015) compared to those that received their geolocator earlier in the 
season. The date of geolocator deployment did not affect any other migration phenology 
variables, during either pre- or post-breeding migration, supporting our assumption that the 
geolocator effect is temporary. Other studies also have found that tracking devices may have 
an effect on migration behaviour (Hupp et al. 2015), body condition or demographic rates 
(Steenhof et al. 2006; Weiser et al. 2016).  
Although individual Ruddy Turnstone showed some degree of between-year variation 
in migration phenology, individual consistency between years was still high. The average 
between-year difference of 2.3-5.3 days for the four migration phenology variables was close 
to that observed in other studies (Conklin & Battley 2011; Vardanis et al. 2011). Although not 
being statistically significant in all cases, individual repeatabilities in pre- and post-breeding 
migration phenology were also among the highest recorded (0.55-0.76) in long-distance 
migratory birds (Both et al. 2016).  
The limited individual variation in stopover site use was another component of the 
Ruddy Turnstone’s migratory consistency, which was in line with previous findings in many 
long-distance migratory birds, including shorebirds (see review in Newton 2010; Cresswell 
2014), but contrasts with findings in passerines (see review in Catry et al. 2004). The high 
repeatability in migration route during both pre- and post-breeding migration, contrasted 
with findings in some passerines and raptors, which showed rather high route flexibility 
(Alerstam et al. 2006; Vardanis et al. 2011; Stanley et al. 2012; Lopez-Lopez et al. 2014). 
All in all, we cannot conclude if individual flexibility in migration phenology existed, 
and thus cannot conclude if individual flexibility has contributed to the observed advanced 
migration phenology. However, individuals generally used the same stopover regions and 
migration route although some flexibility existed. The limited individual flexibility in stopover 
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site use implies that shifts in stopover site use are probably a result of micro-evolution rather 
than phenotypic flexibility. Such conclusion would be consistent with previous findings in 
Black-tailed Godwit (Limosa limosa). In this species advancement in pre-breeding arrival on 
the Icelandic breeding grounds was contributed to the advancement in arrival of new recruits, 
rather than flexibility of individuals, which consistently arrived at around the same time every 
year (Gill et al. 2014). Our study investigated the change of migration behaviour over a 
relatively short time period (seven years) and did not relate these changes with climate 
factors directly (i.e. only compared it to a general climatic trend). Continued data collection 
and data from more individuals tracked for more than two years would enable a better 
understanding of the role of individual flexibility versus microevolution (Charmantier & 
Gienapp 2014). 
Conservation implications 
Our study shows that migratory behaviour is changing in response to climate and other 
environmental changes along the flyway. Geolocators (and other tracking devices) provide an 
important means to further study the effects of these changes on the migratory behaviour 
and habitat use of Ruddy Turnstones and other shorebirds. Future studies would greatly 
benefit by tracking individuals for more than two years to overcome first-year geolocator 
effects and gain confidence in determining within-individual variations in migratory 
behaviour. Our study also suggests that geolocators should be deployed earlier rather than 
later in the season to reduce the influence of their attachment on migration phenology.  
Furthermore, the limited individual flexibility in site use during both pre- and post-
breeding migration implies that the conservation of the wintering grounds and stopover sites 
such as the East Asian coast is of profound conservation significance, further supporting the 
implications raised in Chapter 2. Given the limited flexibly in site use, the deterioration or loss 
of these sites is unlikely to be fully compensated by the conservation of alternative sites. 
Given the higher time selection pressure and more limited flexibility in site use during pre-
breeding site use, conservation of these sites is particularly crucial to promote an optimal 
arrival date at the breeding grounds.  
Habitat deterioration and habitat loss along the EAAF is ongoing at a staggering rate 
(Ma et al. 2014). How animals that rely on these habitats respond, either through 
microevolution and/or behavioural flexibility in site use, is critical for understanding 
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population dynamics and guiding species conservation. The limited individual flexibility in site 
use of Ruddy Turnstones implies that microevolution has driven the observed population 
changes. Given the breeding success in Ruddy Turnstone is not high (juvenile percentage in 
southeast Australia population across 16 years is on average 14.6 (Minton et al. 2015)), 
microevolution is expected to be slow and thus the population may suffer from the rapid 
habitat loss and deterioration along the East Asian coast, which has been proposed to be the 
prime driver of population decline in many shorebirds along the EAAF (Barter et al. 2003; Van 
de Kam et al. 2010). 
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Appendix 
Table S1. Repeatability (r) and the associated within- and between-individual variance in 
stopover site use for Ruddy Turnstones during pre- and post-breeding migration along the 
East-Asian Australasian Flyway. Stopover site use (within clusters of sites) was estimated in 
terms of site visitation (i.e. individuals visited a site or not), and stopover duration at the site. 
Repeatability was calculated using all tracks (upper rows) and using repeated tracks only 
(lower rows). Only regions that were visited by more than 20 individuals are shown. 
 
 r p between within   r p between within 
Pre-breeding, all tracks  Post-breeding, all tracks 
Site visitation     Site visitation     
Region 5 1.00 1.000 0.21 0.00  Region 3 0.00 0.000 4.99 7392278 
Region 6 0.00 0.000 4.25 255653  Region 4 0.49 0.706 0.07 0.07 
      Region 5 1.00 1.000 0.06 0.00 
      Region 6 0.936 0.913 0.06 0.00 
      Region 8 0.845 0.867 0.06 0.01 
           
Stopover duration     Stopover duration    
Region 5 0.249 0.242 15.01 45.31  Region 3 0.00 0.500 0.00 112.05 
Region 6 0.375 0.085 13.55 22.61  Region 4 0.67 0.066 149.73 75.25 
      Region 5 0.78 0.072 100.63 28.61 
      Region 6 0.19 0.459 39.22 169.76 
      Region 8 0.91 0.034 111.97 11.72 
Pre-breeding, repeated tracks only  Post-breeding, repeated tracks only 
Site visitation     Site visitation     
Region 5 1.00 0.500 1.04 0.00  Region 3 1.00 0.500 1.06 0.00 
Region 6 1.00 0.500 0.54 0.00  Region 4 0.32 0.400 0.75 1.56 
      Region 5 1.00 0.500 0.22 0.00 
      Region 6 0.91 0.490 0.24 0.02 
      Region 8 0.77 0.490 0.26 0.08 
           
Stopover duration     Stopover duration    
Region 5 0.20 0.194 9.57 38.71  Region 3 0.73 0.089 232.23 87.26 
Region 6 0.21 0.253 3.73 14.24  Region 4 0.73 0.057 70.67 26.47 
      Region 5 0.09 0.461 13.88 136.27 
      Region 6 0.41 0.299 9.174 13.158 
      Region 8 0.73 0.089 232.23 87.26 
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Figure S1. A diagram illustrating the area in-between two migratory tracks (one solid and one 
dashed line), which was used to indicate the difference between two migratory routes. 
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Abstract 
Background: Migration is a common phenomenon across many animal taxa. 
Understanding how migration scales with body size is fundamental in the development 
of migration theory and in making size-related predictions. Although aerodynamic theory 
has assisted greatly in generating such predictions their verifications have been limited 
by a lack of empirical data across a range of body sizes. The recent development of ultra-
light tracking devices and its rapid application to migration now allows us to put theory 
to the test. 
Methods and results: We used tracking data of seven closely related migratory sandpiper 
species (family Scolopacidae) to compare their migratory behaviour when migrating 
towards the breeding grounds as a function of size (50-750g). Besides a marked decline in 
migration speed (total migration distance divided by migration duration, including time at 
both stopover sites and in flight) with size, departure date from the non-breeding (i.e. 
wintering) ground and arrival date at the breeding ground also scaled negatively with size. 
Migration duration, migration distance, the number of days staying at stopover sites, flying 
speed and step length (distance covered within one migratory leg) were not significantly 
related with size. Correction for phylogeny showed consistent results for all variables.  
Conclusions and implications: There exists a clear scaling with size in migration speed and 
migration timing. Besides improving our fundamental understanding of inter-specific 
variation in migration behaviours these findings highlight differential size related 
capabilities and constraints of migrants. Migratory birds, including sandpipers, are 
declining on a global scale and this notion of size-dependency in migratory traits may have 
a bearing on their vulnerability to specific environmental disturbances along their flyways. 
Keywords: time-selected migration, optimal migration strategy, aerodynamic theory, 
allometry, speed of migration, geolocator, waders. 
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Introduction   
Body size dictates nearly everything from an animal's appearance to its physiology and 
behaviour (Bonner 2011) and may therewith also dictate animals’ vulnerability to global 
change (Cardillo et al. 2005; Schipper et al. 2008; Woodward et al. 2012). Around the world, 
some magnificent animal migrations have already disappeared due to human activities and 
many are in steep decline (Wilcove & Wikelski 2008). Understanding the size-related, 
allometric, potentials and constraints on migration behaviours is fundamental for developing 
migration theory and may be of importance for the conservation of migratory species, since 
migrants’ vulnerability to environmental change may vary with size (Lindström et al. 2014).  
Migration comprises two distinct phases: flying, which comes at the expense of fuel 
stores, and staging at stopover sites where birds rest and refuel. Within the framework of the 
time-minimization hypothesis, birds should fly and deposit fuel as fast as possible to maximize 
their overall speed of migration, i.e. the total time required to prepare/fuel and fly divided by 
migration distance. Such time-minimization strategy is for instance predicted for migrations 
towards the breeding grounds, where a timely arrival may provide an advantage over 
competitors (Kokko 1999; Moore et al. 2005) and guarantees optimal use of seasonally 
available local resources (Meltofte et al. 2008; McKinnon et al. 2012), benefiting reproductive 
performance (Bety et al. 2004). The total time it takes to cover a long migratory journey is 
principally determined by the staging time at the stopover sites (Hedenström & Alerstam 
1997; Battley et al. 2012). Thus, the rate of fuel deposition during staging importantly 
determines migration speed (Lindström 1991; Hedenström & Alerstam 1997). Combining 
flight biomechanical theory (Pennycuick 1975) and ecophysiological constraints on the rate 
of fuel deposition (Lindström 1991; Lindström 2003) yields an expected decrease in migration 
speed with size for migratory birds using powered flight (i.e. by flapping their wings) 
(Lindström 1991; Hedenström & Alerstam 1998; Hedenström 2003). 
Although the scaling of migration behaviours is fundamental to our understanding of 
migration decisions, studies investigating scaling predictions have been limited and the 
evidence controversial (Ellegren 1993; Woodward et al. 2012; La Sorte et al. 2013). However, 
thus far these studies used ringing or sighting instead of more accurate tracking data. Ringing 
data, for instance, has been shown to consistently underestimate migration speed compared 
to estimations based on satellite tracking (Strandberg et al. 2009). These studies also used 
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species across several orders, rather than closely related species and birds with similar 
ecologies (e.g. a mix of short- and long-distance migrants), potentially adding among-subject 
variation due to major differences in ecology and phylogeny and reducing the chance of 
discerning meaningful relationships.  
Besides migration speed (i), other aspects of migration behaviour may also scale with 
body size. Indeed, in addition to migration speed (i, predicted to scale negatively) a range of 
other predictions have been made, including (ii) the number of days staging at stopover sites 
(staging duration; predicted to scale positively), (iii) total migration duration (predicted to 
scale positively), (iv) total migration distance (predicted to scale negatively), (v) flying speed 
(predicted to scale positively) and (vi) step length (predicted to scale negatively) (e.g. 
Hedenström 2003; Hedenström 2006). Moreover, given that large birds generally need more 
time to complete their breeding cycle (Klaassen 2003; Hedenström 2006), we may expect the 
phenology of migration, i.e. departure date (vii) from the non-breeding, wintering grounds 
and arrival date (viii) at the breeding grounds, to be advanced in large compared to small birds 
(i.e. scale negatively with size). 
Tracking devices such as satellite transmitters and light-level geolocators, in 
combination with Bayesian (Sumner et al. 2009) or State-Space (Patterson et al. 2008) 
frameworks incorporating behavioural models and environmental auxiliary data, provide 
increasingly more accurate and detailed information on individual migration itineraries. 
Additionally, tracking devices have also become increasingly smaller and have now been 
deployed on species across a large size range, making the examination of the scaling of 
migration behaviour possible. 
Our objective in this study was to test the time-minimization-strategy based 
prediction on the scaling of migration speed and other key migration behaviours. To this end, 
we used detailed individual tracks obtained from geolocators. To avoid the potential 
interference from phylogeny and ecology, we limited our study to seven species of closely 
related (family Scolopacidae within the order Charadriiformes), long-distance (8,000-16,000 
km) migratory shorebirds using a single flyway (the East Asian-Australasian Flyway, EAAF) 
across a large size range (50-750 g in lean body mass).  
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Methods 
Migration itineraries 
We defined wintering grounds as the non-breeding grounds at the southernmost end of the 
distribution range of the populations of the seven focal species, i.e. where the birds spend 
most of the northern-hemisphere winter. For our analysis, we used individual and complete 
pre-breeding (i.e. from wintering to breeding grounds) migration tracking data from seven 
shorebird species: Sanderling (Calidris alba, n = 12), Ruddy Turnstone (Arenaria interpres, n = 
63), Red Knot (Calidris canutus, n = 2), Great Knot (Calidris tenuirostris, n = 8), Grey-tailed 
Tattler (Tringa brevipes, n = 3), Bar-tailed Godwit (Limosa lapponica, n = 16) and Far Eastern 
Curlew (Numenius madagascariensis, n = 8). All movements were inferred from either 
unpublished light-level geolocator data or from previously published geolocator studies (for 
details see Table 1). Geolocator data of Sanderlings, Ruddy turnstones and Great Knot were 
processed using the R-package ‘SGAT’ following (Lisovski et al. 2016). Movements of Grey-
tailed Tattler, Red Knot (Tomkovich et al. 2013), Bar-tailed Godwit (Conklin et al. 2010) and 
Far Eastern Curlew were estimated using the BASTrack software provided by the British 
Antarctic Survey (see Minton et al. 2010; Minton et al. 2011). Sanderlings, Turnstones, Red 
Knots, Great Knots and some Bar-tailed Godwits breed north of the Arctic Circle where 
daylight for the estimation of breeding position is under 24 hour daylight conditions (for 
methods see Lisovski et al. 2016). For Turnstones equipped with BAStag and Biotrack loggers, 
which did not record light intensity variation under 24 hours daylight, breeding position was 
assigned as the median breeding longitude and latitude of the conspecifics tracked using 
Intigeo loggers. Red Knots were captured at their breeding grounds and their precise breeding 
location was thus known (Tomkovich et al. 2013). Three out of 16 Bar-tailed Godwits bred 
north of the Arctic Circle and their breeding position was assumed based on their known 
breeding region (Conklin et al. 2010). Far Eastern Curlews breed south of the Arctic Circle and 
therefore do not face the issue of 24-hour daylight. Their breeding position could thus be 
determined using BASTrack software. 
Eight migration variables depicting aspects of the migratory itineraries were extracted 
from the published and unpublished tracks, namely (i) migration speed, (ii) staging duration, 
(iii) migration duration, (iv) migration distance, (v) flying speed, (vi) step length, (vii) departure 
date from the wintering ground and (viii) arrival date at the breeding ground. We measured 
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migration duration (iii) as the number of days elapsed from departure date to arrival date. 
We defined “true” staging sites as sites where birds stopped for a duration of at least four 
days (see Warnock 2010 for definition of staging and stopover site) and the number of 
migratory legs (vi) was calculated accordingly. Total staging duration (ii) was calculated as the 
sum of days at each stopover site, including sites where birds stayed less than four days. Flying 
speed (v) was defined as migration distance divided by flying duration, which was calculated 
as migration duration minus staging duration. Migration distance (iv) was the sum of 
distances travelled in each migratory leg via a great circle route. Step length is the distance 
flown from the wintering /staging site to the next staging/breeding site, using “true” staging 
sites only.  
Migration speed is calculated by dividing the total migration distance by the total 
migration duration. As migratory birds start fuelling up at the wintering grounds before 
departure, this “premigratory” staging period should be taken as part of migration (Alerstam 
& Lindström 1990). This premigratory staging period, however, was impossible to ascertain 
from the tracking data. To ensure that any pattern we might detect in migration speed with 
size was not caused by our subjective selection of methods, we used three methods to 
calculate migration speed, naming them as traditional migration speed, partial migration 
speed and overall migration speed. First, following a frequently used method (La Sorte et al. 
2013; Sergio et al. 2014), we calculated traditional migration speed by dividing total migration 
distance by total migration duration. This traditional method thus ignores the premigratory 
staging period and thus overestimates migration speed. To avoid overestimation, we 
alternatively calculated partial migration speed by excluding the first migratory leg, dividing 
migration distance between the first staging site and the breeding location by the time 
elapsed from the date of arrival at the first staging site and the date of arrival at the breeding 
grounds. Although thus generating an accurate estimate of migration speed for each 
individual, it reflects migration speed over only part of the migratory journey. Therefore, we 
also calculated overall migration speed, dividing total migration distance between wintering 
and breeding location by the sum of total migration duration and pre-migration staging 
duration. For each species, premigratory staging duration was estimated using segment 
regression of body mass data of birds captured on the wintering grounds against date (for 
details see Appendix 1). Although relying on a species-specific average correction of 
premigratory staging duration and therefore not as accurate as estimations of partial 
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migration speed, overall migration speed provides an estimate of overall speed across the 
entire migratory journey from wintering to breeding grounds. Although partial migration is 
probably the preferred, unbiased estimate of an individual’s migration speed, we consider 
that collectively the three estimates provide a better insight in migration speed variations 
among the focal species.  
Statistical analysis  
Before analyses, we converted departure and arrival dates to Julian dates. We tested the 
relationship between size and each of the eight migration variables using linear mixed models 
(LMM). For LMM, we included size as a fixed variable and species as a random intercept. For 
size we used lean body mass, i.e. body mass of a bird without any migratory fuel, obtained 
from the literature or, if unavailable, estimated as the median body mass of individuals 
captured during November-December on their wintering grounds, Australia (unpublished 
data from Victorian Wader Study Group and Australasian Wader Studies Group) and 
multiplying this by 0.94 following Zwarts et al. (1990). The 10-logarithm of lean body mass 
(kg) was included as independent variable to normalise the data. We also 10-log transformed 
the dependent variables to facilitate interpretation of effect sizes (i.e. decreasing relationship 
when slope < 0; increasing when slope is > 0; levelling off when |slope| < 1; accelerating 
function when |slope| > 1). Prior to LMM analysis, to account for heterogeneity of variances 
in the dependent variables across the different species, we used the ‘varIdent’ function by 
specifying there is heterogeneity between species. We conducted the LMM analyses using 
the R-package ‘nlme’.  
To test for correlations between the eight migration variables (i.e. excluding 
traditional and overall migration speed and using partial migration speed only) we used 
Pearson correlation. Next, to correct for correlations between these eight migration variables 
and to evaluate across how many dimensions the variation in migration behaviour can be 
collapsed, we used Principal Component Analysis (PCA). The total number of principal 
components (PCs) was selected based on Kaiser's stopping rule, including PCs with 
eigenvalues > 1 only. Subsequently, in order to evaluate how the PCs scale with size, the 
selected PCs were examined individually in relation to the 10-logarithm of lean body mass 
using LMM.  
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To examine the potential interference of phylogeny, we used a phylogenetic mixed 
model to examine the effect of size on all eight migration variables and PCs. To this end, we 
used a Bayesian approach, applying the ‘MCMCglmm’ function within the R-package 
‘MCMCglmm’. Data were transformed prior to analyses as outlined above for LMM. We 
defined the data distribution as Gaussian for all eight migration variables and PCs. For the 
phylogeny, we used a tree based on data provided in Thomas et al. (2004). We conducted all 
analyses using R version 3.2.3 (R Core Team 2015). 
Results  
The wintering grounds of the seven sandpiper species on which we focussed in our study 
(Table 1) were located in New Zealand and Australia. From there, all birds migrated northward 
to their breeding grounds in northeast China, southeast Siberia and northern Russia via East 
and Southeast Asia, largely following the coastline of the East China and the Yellow Sea. En 
route between the wintering and breeding grounds, they regularly performed stopovers to 
rest and replenish their fuel stores. Far Eastern Curlew bred in the sub-Arctic at the border 
between northeast China and Russia. Grey-tailed Tattler bred in the Kamchatka peninsula in 
Russia’s far east. The other species bred in Arctic Russia and Alaska (Figure 1).  
 
Table 1. Details of the seven sandpiper species migrating along the East Asian-Australasian 
Flyway between their wintering and their breeding grounds. All species were tracked using 
geolocators. Species are ranked by their lean body mass. 
 
Species 
Lean body 
mass (g) 
Wintering site Geolocator type n 
Sanderling  50a South Australia Integiob 12 
Ruddy Turnstone  93a Tasmania, Victoria, South Australia Integio, BAStag, Biotracksc 63(34,22,7) 
Grey-tailed Tattler  108d Queensland BAStage 3 
Red Knot  113f New Zealand BAStagg  2 
Great Knot  135a North Western Australia Integioh 8 
Bar-tailed Godwit  285i New Zealand BAStagj 16 
Far Eastern Curlew  743a Victoria BAStagk 8 
aCalculated as the median body mass of individuals captured during November-December on their wintering 
grounds in Australia (unpubl. data Victorian Wader Study Group and Australasian Wader Studies Group) and 
multiplied by 0.94 (Zwarts et al. 1990), or bLisovski et al. (2016). cUnpubl. tracks from Victorian Wader Study 
Group, Australia. dJohnsgard (1981). eUnpubl. tracks from Queensland Wader Study Group, Australia. fBattley 
(1997). gTomkovich et al. (2013). hUnpubl. tracks from Australasian Wader Studies Group. iGill et al. (2005). 
jConklin et al. (2010). kMinton and Gosbell (2011). 
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Figure 1. Wintering grounds in New Zealand and Australia and breeding grounds in Northeast 
China and Russian Arctic for the seven sandpiper species enclosed in this study. Colours 
represent individual species, and dots represent individual birds. 
 
The LMM analyses showed that three out of the eight investigated migration 
behaviour variables scaled with size (Table 2). As predicted, partial migration speed (i) 
decreased with size (Figure 2iB). Also as predicted traditional migration speed (Figure 2iA) 
yielded higher estimates of migration speeds than partial and overall migration speeds (Figure 
2iC), but rather unexpectedly this bias led to traditional migration speeds double or triple the 
estimate of partial migration speed. Traditional migration speed and overall migration also 
tended to decrease with size, but the decline was weaker and not significant. Contrary to 
predictions, staging duration (ii), migration duration (iii), migration distance (iv) flying speed 
(v) and step length (vi) did not scale with size (Figures 2ii to 2vi). Although we did not have a 
priori expectations how the timing of migration would vary with size, departure from the 
wintering grounds (vii) was nearly two months earlier in the largest compared to the smallest 
species investigated (Figure 2vii). Despite their slower migration speed, this earlier departure 
in larger birds also led to their earlier arrival at the breeding grounds (Figure 2viii).  
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Table 2. The relationship between size (10-log transformed lean body mass, kg) and eight 
migration variables and their first three principal components (PCs) for seven sandpiper 
species migrating northward along the East Asian-Australasian Flyway towards their breeding 
grounds. Analyses were conducted without and with including the random effect of 
phylogeny using linear mixed models (LMM) or generalized linear mixed model (GLMM) and 
MCMCglmm, respectively. In all cases, the degrees of freedom were 112, 7. Migration 
variables are ranked based on their numbering in the text. Significant slopes are highlighted 
in bold. 
 
Migration variables$ 
LMM/GLMM  MCMCglmm 
Intercept Slope (p value)   Intercept Slope (p value) 
(i) Migration speed (km/d)       
        Traditional 2.42 -0.06(0.411)   2.38 -0.13(0.216) 
        Partial 1.65 -0.56(0.001)   1.68 -0.51(0.008) 
        Overall 1.87 -0.22(0.286)   1.74 -0.48(0.200) 
(ii) Staging duration (d) 1.50   0.01(0.949)   1.52 0.09(0.498) 
(iii) Migration duration (d) 1.61 -0.03(0.797)   1.63 0.02(0.840) 
(iv) Migration distance (km) 4.02 -0.07(0.454)   3.99 -0.14(0.312) 
(v) Flying speed (km/d) 3.08  0.07(0.283)   3.07 -0.07(0.442) 
(vi) Step length (km) 3.80   0.18(0.246)   3.75 0.10(0.536) 
(vii) Departure date (Julian) 1.79 -0.23(0.010)   1.80 -0.24(0.010) 
(viii) Arrival date (Julian) 2.01 -0.17(0.001)   2.02 -0.15(0.002) 
PC1     -3.83 -4.16(0.052)      -3.84 -4.57(0.048) 
PC2 2.12  2.04(0.345)      -2.94 -2.94(0.250) 
PC3     -0.75 -0.98(0.426)      -0.93 -0.66(0.628) 
$All migration variables were entered in the analysis as 10-log transformed. 
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Figure 2. Relationships between eight migration variables and lean body mass for seven 
sandpiper species migrating northward along the East Asian-Australasian Flyway towards 
their breeding grounds: (iA) tradiional migration speed (km/d); (iB) partial migration speed 
(km/d); (iC) overall migration speed (km/d); (ii) staging duration (d); (iii) migration duration 
(d); (iv) migration distance (x 1,000 km); (v) flying speed (km/d); (vi) step length (x 1,000 km); 
(vii) Julian date of departure from the wintering grounds and (viii) Julian date of arrival at the 
breeding grounds. Black solid and grey dashed lines are drawn according to the back-
transformation of equations presented in Table 2, estimated from LMM/GLMM and 
MCMCglmm, respectively.  
 
Correcting for phylogeny had no effect on the scaling of partial migration speed with 
size (Table 2), whereas, the decline of traditional and overall migration speed became 
stronger. The inclusion of phylogeny marginally changed the scaling of departure date (vii) 
and arrival date (viii) with size. Similar to the LMM result, after correction for phylogeny the 
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four migration variables staging duration (ii), migration duration (iii) migration distance (iv) 
flying speed(v) and step length (vi), remained unrelated to size. 
As expected, Pearson correlation tests revealed a high correlation among the eight 
migration behaviour variables (Figure 3). Particularly strong positive correlations existed 
between migration duration and staging duration (r = 0.88), and between departure date and 
arrival date (0.87). Additional strong correlations were also revealed between migration 
speed and departure date (0.78) and arrival date (0.69), step length and migration distance 
(0.65), and staging duration and departure date (-0.50). 
 
 
 
Figure 3. Pearson Correlation matrix between eight migration variables extracted from seven 
sandpiper species migrating northward along the East Asian-Australasian Flyway towards 
their breeding grounds. Colours, shape and direction of ovals indicate strength, variation and 
direction of the correlations, respectively, with dark and narrow ovals indicating strong 
correlation, forward ovals indicating positive correlation, and with a cross depicting p > 0.05. 
 
In agreement with the high correlation among many of the migration behaviour 
variables, the PCA revealed that only a limited set of three dimensions (i.e. PC1, PC2 and PC3) 
explained as much as 85% of the variance in the migration variables (Table 3). Migration speed 
(i), departure date (vii) and arrival date (viii) were positively correlated with PC1 (Table 3), 
 113 
 
with PC1 explaining 42% of the variance in migration variables (Table 3). Migration duration 
(iii) and migration distance (iv) were highly negatively correlated with PC2, explaining another 
26% of the variance (Table 3). Staging duration (ii) and flying speed (v) were positively, while 
step length (vi) was negatively correlated with PC3, with PC3 explaining another 17% of the 
variance in the migration behaviour variables (Table 3). PC1 tended to decline with size (with 
and without correcting for phylogeny p = 0.052 and 0.048, respectively, Table 2 and Figure 4). 
PC2 and PC3 did not vary with size (Table 2).   
 
Table 3. Principal Component Analysis (PCA) loadings for the first three PC axes of a PCA on 
eight migration variables extracted from seven sandpiper species migrating northward along 
the East Asian-Australasian Flyway towards their breeding grounds. Values show the 
eigenvectors for each of the migration variables, ranked in order of numbering used in the 
text. For each migration variable, the highest of the three eigenvectors is emboldened. At the 
bottom the (cumulative) proportion of the variation across all eight migration variables as 
explained by each of the PC axes is depicted. 
 
Migration variables PC1 PC2 PC3 
(i) Migration speed 0.47 -0.18 0.08 
(ii) Staging duration -0.37 -0.24 0.54 
(iii) Migration duration -0.34 -0.46 0.31 
(iv) Migration distance -0.03 -0.60 -0.21 
(v) Flying speed -0.13  0.33 0.46 
(vi) Step length -0.31 -0.25 -0.51 
(vii) Departure date 0.52 -0.12 0.10 
(viii) Arrival date 0.39 -0.39 0.28 
    
Proportion of Variance 0.42 0.26 0.17 
Cumulative Proportion 0.42 0.68 0.85 
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Discussion  
Although theoretical predictions on the scaling of some migration variables in relation to size 
have been made previously, only few have been put to the test. Our study is the first to place 
a comprehensive suite of predictions under empirical scrutiny. Using individual tracks across 
seven closely related sandpiper species our study provided support for the prediction that 
migration speed scales negatively with size in powered fliers (Lindström 1991; Hedenström & 
Alerstam 1998; Hedenström 2003). Despite these data originating from a variety of studies, 
each having their specific methodologies, which inherently lead to noise in the results, the 
patterns observed are remarkable, notably migration speed and migration timing. The data 
used in our study were collected during migration towards the breeding grounds, when birds 
are particularly expected to maximise their speed of migration to achieve a timely arrival on 
their breeding grounds (Hedenström & Alerstam 1997). Besides migration speed, we 
examined an additional suite of migration variables in relation to size. Although a range of 
species-specific and environmental factors are known to influence migration behaviour 
(Alerstam 2003; Newton 2010) our analyses highlight a major and general relationship 
between size and migratory speed and migration timing.  
Partial migration speed declined with lean body mass (proportional to mass-0.56 and 
mass-0.51 with or without correcting for phylogeny, respectively). This decline was more 
Figure 3. Relationships between the first 
principal component of the Principal 
Component Analysis performed on eight 
migration variables and lean body mass for 
seven sandpiper species migrating 
northward along the East Asian-Australasian 
Flyway towards their breeding grounds. The 
first principal component correlated 
positively with migration speed, departure 
date and arrival date, explaining 42% of the 
variance in the eight migration variables 
(Table 3). Grey dashed line is drawn 
according to the back-transformation of 
equations presented in Table 2, estimated 
from MCMCglmm.  
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pronounced than expected from aerodynamic theory, which predicts that migration speed 
declines with lean body mass proportional to mass-0.19 only (Hedenström 2003). Although 
non-significant, traditional and overall migration speed also tended to decline with size, 
especially after correcting for phylogeny. As earlier explained and as confirmed by our results, 
traditional migration speed suffers from an overestimate of migration speed, whereas overall 
migration speed estimates involve correction with a species rather than an individual-specific 
premigratory staging duration. Nevertheless, the non-significant patterns with size in these 
(less preferred) alternative estimates of migration speed corroborate the partial migration 
speed results of a decline in migration speed with size. 
Given constraints on the fuel deposition rate and the (here confirmed) reduced 
migration speed in large birds (Lindström 1991; Lindström 2003), Hedenström (2003) 
proposed, that in order to cover a certain distance, staging duration (ii) should scale positively 
with size. Considering that migration duration (iii) is mostly determined by staging duration, 
we accordingly also expect migration duration to scale positively with size. However, besides 
migration and breeding, migrants also need to fit moult within the confines of the annual 
cycle. Since both breeding (Hedenström 2006) and moulting (Hedenström 2006; Rohwer et 
al. 2009; Dietz et al. 2015) take longer in large birds, we might thus predict either that after 
an initial increase with size, both staging duration (ii) and migration duration (iii) level off in 
still larger birds, or that both staging duration (ii) and migration duration (iii) keep increasing 
in larger birds, but that larger birds evolve to breed closer to their wintering grounds. 
Inconsistent with this prediction, neither staging duration (ii) nor migration duration (iii) 
scaled with size, with or without corrections for phylogeny. For both staging duration (ii) and 
migration duration (iii), the Far Eastern Curlew seemed to be the (downward) outlier (Figure 
2ii and 1iii). Possibly, the hypothesised time constraints on large species have a larger impact 
on their migration strategy than we initially expected, forcing large species like Far Eastern 
Curlew to save even more time by cutting their migration short (Figure 2iv) and opting to 
breed at more southern latitudes than their smaller relatives. Indeed, the smallest species in 
our data set, Sanderling, bred furthest north (above 700 N), and the largest species, Far 
Eastern Curlew, bred furthest south (between 42-520N). By breeding at more southerly 
locations the Far Eastern Curlew not only buys more time for its breeding, which takes longer 
than in smaller species, but local conditions at these latitudes also allow for longer breeding 
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seasons. Indeed, the relatively short staging duration, migration duration and slow migration 
speed in Far Eastern Curlew corresponds with its shorter migration distances.   
Since large birds are potentially more time constrained than small birds, they may be 
hard pressed to reduce their staging/migration duration. One way to achieve this is by 
decreasing migration distance (iv), for which some empirical support has indeed been found 
previously (within species: Gray et al. 2014; and across species: Hein et al. 2012; Jones & Witt 
2014; Martell et al. 2014). Contrary to this prediction and the previous findings, we did not 
find a decline in migration distance, despite the largest species, Far Eastern Curlew, covering 
a much shorter distance than most of the smaller species. Bar-tailed Godwit appeared the 
noticeable outlier (Figure 2iv), although excluding this species from analysis did not change 
the (insignificant) result.  
Aerodynamic theory predicts that flying speed increases with body mass (Pennycuick 
1975). However, in this study flying speed appeared not to vary with size, both with and 
without correcting for phylogeny (Figure 2v). Although some empirical studies using much 
larger datasets have previously supported this prediction (Bruderer & Boldt 2001; Gavrilov 
2011), the relationship was weak. This weak relationship, together with our limited sample 
size and the limited spatial-temporal resolution by nature of tracking techniques used in our 
study, may have contributed to our deviating result. Besides body size, flying speed also varies 
with body shape and wing morphology (Hedenström 2010) . However, empirical data suggest 
this effect to be small (Alerstam et al. 2007) and we therefore did not take this aspect into 
account in our study. Nevertheless, although we did not find a relationship between flying 
speed and body size, this had no bearing on the scaling of migration speed with size, given 
that departure date, arrival date and migration distance are not largely biased.  
Larger fuel loads may support longer non-stop flights, i.e. greater step lengths. Given 
that the relative fuel load capacity (fuel load relative to body size) decreases with size, 
aerodynamic theory predicts that step length decreases with size (Hedenström 2006; 
Hedenström 2008). We did not find any pattern in step length (vi) with size (with or without 
correcting for phylogeny; Figure 2vi). Also inconsistent with the predicted decline from 
aerodynamic theory was an earlier analysis of flight range using empirical data that found a 
positive rather than a negative relationship with size (Klaassen 2003). Rather than depending 
largely on size, step length may also be more context dependent and vary with weather 
conditions and notably wind assistance. In addition, geography may play a role, migrants 
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being more likely to stop just before crossing large ecological barriers such as oceans and 
deserts (Weber & Houston 1997; Risely et al. 2015; Briedis et al. 2016) irrespective of the 
distance flown prior to reaching that barrier.   
In addition to migration speed, departure date (vii) and arrival date (viii) also showed 
a clear relationship with size, both before and after correcting for phylogeny (Table 2, Figure 
2vii and 2viii). Large birds generally need more time to complete their breeding cycle 
(Klaassen 2003; Hedenström 2006) and they therefore both departed from their wintering 
grounds and arrived at their breeding grounds ahead of their smaller relatives by as much as 
two months. The finding that large species arrived earlier at their breeding grounds was 
consistent with the observations in geese and swans (Klaassen et al. 2006), and also agrees 
with the finding that large shorebird species pass a stopover site earlier than small species 
(Zhou et al. 2016). The time constraints on the larger species are also in agreement with their 
lower breeding latitudes. In this respect, our findings also agree with observational data 
suggesting that shorebirds breeding at lower latitudes are the first to depart from their 
wintering grounds (Piersma et al. 1990).  
Together, migration speed, departure date and arrival date are all size dependent and 
inter-related as becomes notably clear in the correlation (Figure 3) and PCA (Table 3) analyses. 
Although largely untested to date, basically, these variables varied with size in the a priori 
predicted fashion. Notably the scaling of migration speed and migration timing with size are 
of great importance to our understanding of size-related migration adaptations and their 
potential consequences for the susceptibility of differently sized migrants to environmental 
changes along their flyways. Migration comprises a series of behaviours, starting at the 
wintering grounds and continuing along the subsequent chain of stopover sites, before the 
bird’s ultimate arrival at the breeding grounds. Any habitat loss or deterioration, or 
inhospitable weather conditions along their flyway, can delay their departure and thus 
potentially affect their timely arrival and ultimate reproductive success at the breeding 
grounds. Large birds may be thought more vulnerable for such adverse effects, given their 
incapacity for a fast migration. However, in accordance with their faster migration small 
species have evolved to breed at high latitudes with a very narrow window for breeding. Thus, 
despite differently acting size constraints on migratory behaviour, large and small may be 
equally vulnerable to environmental disturbances along their flyway.  
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Appendix 
Appendix 1 calculation of overall migration speed 
We defined overall migration speed as  
𝑡𝑜𝑡𝑎𝑙 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑖𝑠𝑡𝑎𝑛𝑐𝑒
𝑡𝑜𝑡𝑎𝑙 𝑚𝑖𝑔𝑟𝑎𝑡𝑖𝑜𝑛 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛 + 𝑝𝑟𝑒𝑚𝑖𝑔𝑟𝑎𝑡𝑜𝑟𝑦 𝑠𝑡𝑎𝑔𝑖𝑛𝑔 𝑑𝑢𝑟𝑎𝑡𝑖𝑜𝑛
. 
Total migration distance and total migration duration were estimated from individual tracks 
as outlined in the main text. For Red Knot published data were used (Battley 1999). For Bar-
tailed Godwit wintering in Eastern Australia premigratory staging is 50 days (Wilson et al. 
2007). Considering that in Red Knots the ratio of premigratory staging between New Zealand 
(55 days; Battley 1999) and Eastern Australian birds (40 days; Piersma et al. 2005) is 1.38, the 
same ratio was used to calculate a staging duration of 69 days for New Zealand Bar-tailed 
Godwit (i.e. 50 days in Eastern Australia x 1.38). For all other species a species-specific 
premigratory staging duration was estimated using segment regression of body masses of 
birds captured at their respective non-breeding (i.e. wintering) grounds against time (i.e. 
Julian day number; Figure S1). For Sanderling, Turnstone, Great Knot and Far Eastern Curlew 
body masses were collected by the Victorian Wader Study Group and Australasian Wader 
Studies Group, and for Grey-tailed Tattler by the Queensland Wader Study Group. 
 
Figure S1: Body mass as a function of 
time (i.e. Julian day number) for five 
shorebird species. Thick solid lines 
represent piecewise regressions. No 
turning point could be determined for 
Grey-tailed Tattler. 
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During most of the wintering season, body mass is maintained at a “baseline” level 
(Cadée et al. 1996; Piersma 2002; Piersma et al. 2008). For this period regressing body mass 
against time thus results in a regression slope of, or close to, zero. During the subsequent 
premigratory staging period, shorebirds deposit body stores for migration, resulting in a 
positive slope of body mass against time. For each species, by plotting body mass data against 
time these two different regression slopes and the associated turning point marking the start 
of the premigratory staging period, were estimated using segment regression, using the 
‘segmented’ function in the R-package ‘segmented’ (Figure S1). Throughout the analysis 
Julian date was used with the 1st January equating to 0, defining days post 1st January until 1st 
of July as positive, days starting from the 1st of July and prior to 1st January as negative.  
We define the end of premigratory staging as the departure date from the birds’ 
wintering grounds. Since the start of the premigratory staging was estimated at population 
rather than the individual level we used the median departure date of tracked individuals to 
represent the end of the premigratory staging period. Accordingly, the duration of the 
premigratory staging was calculated as the number of days elapsed between the start and the 
end of the premigratory staging period.  
All results were presented in Table S1. Since no turning point could be determined for 
Grey-tailed Tattler, we were unable to calculate an overall migratory speed for this species.  
As discussed in Zwarts et al. (1990) the use of segmented regression to estimate 
premigratory staging duration has its limitations. In our case the main drawback is that we 
acquired estimates at the species/population level ignoring variations between individuals 
and thus compromising statistical power.   
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Table S1. Estimation of start date (Julian day number), end date and duration of premigratory 
staging for seven sandpiper species migrating northward along the East Asian-Australasian 
Flyway towards their breeding grounds. Species are ranked in the increasing order of lean 
body mass. For Grey-tailed Tattler no start date and therefore no duration of the premigratory 
season could be calculated.  
 
Species Start date End date Duration n Data source 
Sanderling 89 122.5 33.5 4255 Victorian Wader Study Group 
Ruddy Turnstone 52 109 57 6597 Victorian Wader Study Group 
Grey-tailed Tattler - 124 - 108 Queensland Wader Study Group 
Red Knot   55  Battley (1999) 
Great Knot -22 90 112 8627 Australasian Wader Studies Group 
Bar-tailed Godwit   69  
Battley (1999); Piersma et al. (2005); 
Wilson et al. (2007) 
Far Eastern Curlew -13 69 82 670 Victorian Wader Study Group 
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Table S2. Original data for all eight investigated migration variables for each individual across seven sandpiper species migrating northward along 
the East Asian-Australasian Flyway towards their breeding grounds. Since premigratory staging duration could not be determined for Grey-tailed 
Tattler (see Appendix 1), we were unable to calculate an overall migratory speed for this species. 
 
 Migration speed (km/d) Staging 
duration (d) 
Migration 
duration (d) 
Migration  
distance (km) 
Flying  
speed (km/d) 
Step 
length (km) 
Departure date 
(1st January = 0) 
Arrival date 
(1st January = 0) Species Traditional Partial Overall  
Sanderling 295 213 174 34 48 14170 1013 2834 118 166 
Sanderling 349 258 192 26 41 14290 982 3573 120 161 
Sanderling 405 236 207 23 35 14174 1136 3543 123 158 
Sanderling 328 195 178 29 40 13108 1194 3277 122 162 
Sanderling 364 213 196 27 39 14205 1183 3551 123 162 
Sanderling 312 226 179 27 45 14021 779 2804 126 171 
Sanderling 327 207 176 24 39 12768 880 4256 130 169 
Sanderling 370 273 199 25 39 14432 1027 3608 127 166 
Sanderling 293 148 165 30 43 12592 1005 4197 116 159 
Sanderling 317 178 180 27 44 13960 821 3490 122 166 
Sanderling 359 210 193 26 39 14008 1038 3502 120 159 
Sanderling 374 252 199 24 38 14193 1011 3548 123 161 
Ruddy Turnstone 329 170 136 24 40 13168 777 4405 116 156 
Ruddy Turnstone 331 136 126 28 35 11598 800 3866 122 157 
Ruddy Turnstone 306 184 128 30 41 12552 1006 3145 109 150 
Ruddy Turnstone 259 244 128 34 56 14489 631 2903 118 174 
Ruddy Turnstone 285 153 126 32 45 12805 856 4278 109 154 
Ruddy Turnstone 283 203 128 36 47 13299 1212 2221 113 160 
Ruddy Turnstone 289 212 129 34 46 13316 1068 3336 113 159 
Ruddy Turnstone 372 214 141 20 35 13007 745 4345 118 153 
Ruddy Turnstone 242 112 119 42 55 13316 1065 4439 98 153 
Ruddy Turnstone 283 144 128 38 47 13281 1207 4427 99 146 
Ruddy Turnstone 273 139 128 38 50 13646 1137 4549 102 152 
Ruddy Turnstone 330 164 134 24 39 12865 860 6447 113 152 
Ruddy Turnstone 330 170 138 24 41 13544 646 6783 116 157 
Ruddy Turnstone 360 216 142 20 37 13329 809 4452 113 150 
Ruddy Turnstone 371 210 149 23 38 14114 943 4714 114 152 
Ruddy Turnstone 265 129 124 36 50 13274 782 4434 105 155 
Ruddy Turnstone 289 101 117 34 39 11262 2252 3754 106 145 
Ruddy Turnstone 364 143 141 27 36 13108 1459 6568 114 150 
Ruddy Turnstone 322 169 135 30 41 13191 942 6596 107 148 
Ruddy Turnstone 405 229 149 20 33 13370 955 3342 116 149 
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Ruddy Turnstone 375 240 143 24 35 13131 1094 3283 112 147 
Ruddy Turnstone 355 184 140 26 37 13151 939 6576 115 152 
Ruddy Turnstone 312 174 130 29 41 12781 799 4260 106 147 
Ruddy Turnstone 398 287 151 20 35 13920 898 3480 117 152 
Ruddy Turnstone 299 147 130 34 44 13138 1142 4379 104 148 
Ruddy Turnstone 381 214 148 26 36 13721 1307 4574 116 152 
Ruddy Turnstone 364 242 139 22 35 12745 850 3186 115 150 
Ruddy Turnstone 396 213 145 22 33 13056 1088 4352 112 145 
Ruddy Turnstone 330 174 134 30 39 12873 1355 4291 107 146 
Ruddy Turnstone 418 238 147 22 31 12956 1296 4319 116 147 
Ruddy Turnstone 313 149 133 32 42 13141 1314 4380 102 144 
Ruddy Turnstone 258 156 127 34 55 14209 632 4736 102 157 
Ruddy Turnstone 264 121 122 36 49 12938 809 6469 103 152 
Ruddy Turnstone 257 130 123 42 52 13387 1116 4462 101 153 
Ruddy Turnstone 260 128 122 42 50 13017 964 4339 96 146 
Ruddy Turnstone 283 142 129 38 48 13580 1006 4527 97 145 
Ruddy Turnstone 375 198 145 24 36 13488 1079 4496 110 146 
Ruddy Turnstone 269 106 114 36 42 11285 1075 3762 107 149 
Ruddy Turnstone 263 154 123 36 50 13141 848 4380 99 149 
Ruddy Turnstone 277 144 128 38 49 13564 1292 4521 100 149 
Ruddy Turnstone 253 124 122 42 53 13392 1071 3348 99 152 
Ruddy Turnstone 224 114 114 46 59 13239 981 4413 90 149 
Ruddy Turnstone 256 256 123 38 53 13580 937 3395 100 153 
Ruddy Turnstone 353 236 141 26 38 13427 895 4476 122 160 
Ruddy Turnstone 275 165 127 38 49 13483 1226 3371 100 149 
Ruddy Turnstone 238 146 117 42 55 13087 1047 2617 94 149 
Ruddy Turnstone 304 163 132 34 44 13378 1216 4459 109 153 
Ruddy Turnstone 243 122 120 46 56 13584 906 2717 100 156 
Ruddy Turnstone 329 199 135 24 40 13141 796 3285 111 151 
Ruddy Turnstone 321 196 140 30 44 14120 1009 4707 115 159 
Ruddy Turnstone 286 151 128 36 46 13166 1015 3299 102 148 
Ruddy Turnstone 329 182 141 29 43 14130 858 4720 112 155 
Ruddy Turnstone 281 144 128 34 48 13466 931 4498 106 154 
Ruddy Turnstone 301 155 131 30 44 13238 780 4422 110 154 
Ruddy Turnstone 377 209 143 23 35 13196 1102 4409 114 149 
Ruddy Turnstone 315 160 134 29 42 13241 1021 4423 113 155 
Ruddy Turnstone 258 120 123 41 52 13441 1225 3369 105 157 
Ruddy Turnstone 338 168 137 24 39 13200 778 4409 119 158 
Ruddy Turnstone 283 136 128 35 47 13303 1111 4443 108 155 
Ruddy Turnstone 282 136 127 30 47 13252 781 4427 113 160 
Ruddy Turnstone 328 249 137 32 41 13448 1419 3369 114 155 
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Ruddy Turnstone 265 126 124 36 50 13228 855 6628 103 153 
Ruddy Turnstone 317 228 138 26 44 13946 582 4658 118 162 
Grey-tailed Tattler 333 214  - 22 35 11665 897 3888 123 158 
Grey-tailed Tattler 329 140  - 16 33 10868 639 5434 124 157 
Grey-tailed Tattler 373 170  - 19 29 10816 1082 5408 127 156 
Red Knot 254 91 130 47 58 14742 1340 4914 87 145 
Red Knot 183 179 96 53 60 10988 1570 3663 82 142 
Great Knot 341 247 72 18 30 10234 819 3411 110 140 
Great Knot 191 147 59 46 50 9541 2385 3180 88 138 
Great Knot 184 144 59 44 53 9755 1027 2439 90 143 
Great Knot 171 128 58 48 57 9729 1081 3243 86 143 
Great Knot 213 155 63 35 47 10009 572 3336 94 141 
Great Knot 339 196 66 19 27 9162 1078 3054 149 176 
Great Knot 177 138 58 52 55 9712 2775 3237 86 141 
Great Knot 180 136 58 42 53 9557 831 2389 90 143 
Bar-tailed Godwit 321 131 134 30 49 15723 828 7861 82 131 
Bar-tailed Godwit 257 102 121 44 61 15673 922 7837 72 133 
Bar-tailed Godwit 301 118 130 38 52 15666 1119 7833 80 132 
Bar-tailed Godwit 295 112 129 38 53 15648 1043 7824 89 142 
Bar-tailed Godwit 283 110 126 40 55 15551 1037 7775 86 141 
Bar-tailed Godwit 285 127 128 41 56 15961 1064 7980 89 145 
Bar-tailed Godwit 241 93 118 40 66 15886 611 7943 86 152 
Bar-tailed Godwit 230 83 115 46 69 15848 689 7924 85 154 
Bar-tailed Godwit 289 157 128 31 55 15877 662 7938 72 127 
Bar-tailed Godwit 309 128 132 33 51 15761 876 7880 80 131 
Bar-tailed Godwit 284 115 126 37 55 15645 869 7822 77 132 
Bar-tailed Godwit 297 117 129 34 53 15751 829 7875 77 130 
Bar-tailed Godwit 262 122 122 37 60 15740 684 7870 71 131 
Bar-tailed Godwit 261 124 122 36 60 15687 654 7843 72 132 
Bar-tailed Godwit 280 102 126 39 56 15685 923 7842 77 133 
Bar-tailed Godwit 326 107 134 41 48 15624 2232 7812 85 133 
Far Eastern Curlew 278 44 83 27 35 9744 1218 4872 69 104 
Far Eastern Curlew 304 38 83 23 31 9425 1178 4713 71 102 
Far Eastern Curlew 308 57 86 24 32 9852 1232 4926 69 101 
Far Eastern Curlew 273 32 83 29 36 9820 1403 4910 63 99 
Far Eastern Curlew 267 29 80 27 35 9334 1167 4667 69 104 
Far Eastern Curlew 340 65 89 21 29 9852 1232 4926 63 92 
Far Eastern Curlew 266 46 83 30 37 9852 1407 4926 73 110 
Far Eastern Curlew 244  79 32 39 9508 1358 4754 63 102 
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  Abstract 
Background: Migrants have been hypothesised to use different migration strategies between 
seasons: a time-minimization strategy during their pre-breeding migration towards the 
breeding grounds and an energy-minimization strategy during their post-breeding migration 
towards the wintering grounds. Besides season, we propose body size as a key factor in shaping 
migratory behaviour. Specifically, since body size is expected to correlate negatively with 
maximum migration speed, and that large birds tend to use more time to complete their annual 
life history events, we hypothesise that large-sized species are time stressed all year round. 
Consequently, large birds are not only likely to adopt a time-minimization strategy during pre-
breeding migration, but also during post-breeding migration, to guarantee a timely arrival at 
both the non-breeding (i.e. wintering) and breeding grounds. 
Methods and results: We tested this idea using individual tracks across six long-distance 
migratory shorebird species (family Scolopacidae) along the East Asian-Australasian Flyway 
varying in size from 50g to 750g lean body mass. Migration performance was compared 
between pre- and post-breeding migration using four quantifiable migratory behaviours that 
serve to distinguish between a time- and energy-minimization strategy, including migration 
speed, number of staging sites, total migration distance and step length from one site to the 
next. During pre- and post-breeding migration, the shorebirds generally covered similar 
distances, but they tended to migrate faster, used fewer staging sites, and tended to use 
longer step lengths during pre-breeding migration. These seasonal differences are consistent 
with the prediction that a time-minimization strategy is used during pre-breeding migration, 
whereas an energy-minimization strategy is used during post-breeding migration. However, 
there was also a tendency for the seasonal difference in migration speed to progressively 
disappear with an increase in body size, supporting our hypothesis that larger species tends 
to use time-minimization strategies during both pre- and post-breeding migration.  
Conclusions and implications: Our study highlights that body size plays an important role in 
shaping migratory behaviour. Larger migratory bird species are potentially more time 
constrained and are thus possibly less flexible in time and space use, making them more 
vulnerable to environmental changes along their flyways.  
Key words: optimal migration theory; migration strategy; time-minimization; energy-
minimization; light level geolocator; migration speed; body size. 
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Introduction 
Long-distance migration has evolved independently in multiple taxa enabling animals to 
exploit spatially and temporally discrete peaks in resources (Dingle 1996), ultimately allowing 
increased reproductive output and survival (Alerstam et al. 2003). However, migration is risky 
and energetically costly, and selection for optimal migratory strategies is paramount to 
ensure the benefits of migration outweigh the risks (Alerstam & Lindström 1990). These 
considerations have led to the formulation of optimal migration theory and notably the time- 
and energy-minimization hypotheses (Alerstam & Lindström 1990). The time-minimization 
hypothesis assumes that animals migrate at their maximum speed and thus complete their 
migration as fast as possible given constraints on flying speed and fuel deposition rate. The 
energy-minimization hypothesis assumes that migrants complete their migration using the 
minimum amount of energy. Accordingly, both hypotheses yield considerably different 
predictions for how migratory birds move in space and time during their annual migrations.  
Optimal migration theory suggests that animals may adopt a time- or energy-
minimization strategy depending on the season of migration (Alerstam & Lindström 1990; 
Houston 1998). Time-minimization is commonly thought to play a major role during pre-
breeding migration from the non-breeding (i.e. wintering) grounds to the breeding grounds 
(Hedenström & Alerstam 1997), where a timely arrival provides a competitive advantage 
(Kokko 1999; Moore et al. 2005) and guarantees optimal use of seasonally available local 
resources (Meltofte et al. 2008; McKinnon et al. 2012), benefiting reproductive performance 
(Bety et al. 2004; Low et al. 2015). Conversely, the post-breeding migration is expected to be 
less time constrained (Drent et al. 2003), because it is generally assumed that a timely arrival 
at the wintering grounds has fewer fitness consequences (McNamara et al. 1998). Migrants 
are therefore expected to use an energy-minimization strategy during post-breeding 
migration (Hedenström & Alerstam 1997).  
Individuals employing a time- or an energy-minimization strategy are expected to 
differ in a range of quantifiable migratory behaviours (Alerstam & Lindström 1990; 
Hedenström & Alerstam 1997; Farmer & Wiens 1999; Alerstam 2001)(Table 1). Time-
minimizers should take less time to complete their migration and therefore fly and migrate 
faster (i.e. minimize time spent in both flight and in preparing for migration) than energy-
minimizers, which are not constrained by time but limit energy use and therewith also require 
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reduced foraging effort to deposit fuel (Seewagen et al. 2013). In a scenario where habitat 
quality is constant across sites and seasons, time-minimizers and energy-minimizers should 
behave similarly and stop frequently to fuel up at all possible stopover sites, avoiding to carry 
and fly with high fuel loads (Alerstam 2001). However, in a more realistic scenario where 
habitat quality varies across sites and seasons, time-minimizers are proposed to be more 
selective in their habitat use, choosing high quality habitats allowing high fuel deposition 
rates, and short staging periods, ultimately promoting a faster migration (Gudmundsson et 
al. 1991). Time-minimizers may thus bypass low quality sites and only stop at high quality 
sites. Energy-minimizers, on the other hand, should stop more regularly and deposit less fuel 
to avoid high fuel loads that are costly to carry and fly with (Alerstam 2001). Thus, time-
minimizers are expected to take fewer and on average longer steps in completing their 
migration than energy-minimizers. Finally, time-minimizers might take longer routes than 
energy-minimizers, making detours via higher quality sites away from the direct migration 
route to speed up overall migration, even when this comes at higher flight costs (Alerstam 
2001; Lindström et al. 2011; Hahn et al. 2014).  
 
Table 1. Expectation for the four migratory behaviours when migrants adopt a time- versus 
energy-minimization strategy. 
 
 Time-minimization Energy-minimization 
(i) Migration speed high low 
(ii) Number of staging sites few many 
(iii) Total migration distance long short 
(iv) Maximum step length long short 
 
To test the hypothesis that migrants adopt a time-minimization strategy during pre-
breeding and an energy-minimization strategy during post-breeding migration, Nilsson et al. 
(2013) reviewed studies and investigated multiple behaviours between seasons. They found 
supportive evidence, with faster average migration speeds, higher flying speeds and shorter 
migration durations during pre- compared to post-breeding migration. However, a number of 
studies in this review, together with other case studies (e.g. Shamoun-Baranes et al. 2003; 
Raess 2008; Strandberg et al. 2008), failed to detect a seasonal difference, or found even 
higher migration speeds during post-breeding migration (Nuijten et al. 2014; Mellone et al. 
 136 
 
2015). A range of explanations for these deviations from theory have been proposed. For 
example, Raess (2008) largely attributed this to the harsh environment, i.e. low temperature 
and poor vegetation availability that Siberian stonechats (Saxicola torquata maura) 
encountered during their pre-breeding migration, delaying their arrival and lowering their 
average speed of migration. In another example involving Bewick’s Swan (Cygnus 
columbianus bewickii), Nuijten et al. (2014), attributed the faster post-breeding than pre-
breeding migration to either swans’ tendency to avoid being trapped by ice later in the season 
or swans potentially being capital breeders spending extra time depositing energy stores 
during their pre-breeding migration. Importantly, these studies do not consider the role of 
body size—which places physical constraints on flying speed (Pennycuick 1975; Bruderer & 
Boldt 2001; Gavrilov 2011), fuel deposition (Lindström 1991; Lindström 2003), migration 
speed (Chapter 4) and other life-history traits (Hedenström 2008)—in determining the extent 
to which migrants adopt a time- or energy- minimization strategy, and how this may differ 
between pre- and post-breeding migrations.  
Body size is an important determinant of the energy costs and speed at which life 
processes take place (Peters 1986; Reiss 1991). The major life history events, i.e. breeding, 
moult and migration, generally take more time in large compared to small bird species 
(Hedenström 2008) and it has consequently been argued that large migrants are potentially 
more time constrained than small birds (Hedenström 2006). Accordingly, large migratory 
birds may not only be time constrained during pre-breeding, but also during post-breeding 
migration. For instance, large-sized migrants may need to arrive at the wintering grounds 
sooner so that they can start moulting sooner and thus complete their moulting before the 
onset of the pre-migratory stage. If this is the case for relatively large migrants, then it may 
be expected that their migratory behaviours may not differ significantly between pre-
breeding and post-breeding migrations. 
In this study, we tested two hypotheses. First, we tested the hypothesis that birds 
optimize time use on their pre-breeding migration, while they optimize energy use on post-
breeding migration. We accordingly expect that pre-breeding migrations are associated with 
1) faster migration speed 2) smaller number of staging sites 3) potentially longer migration 
distance and 4) longer step length. Next, we tested whether this seasonal difference in 
migratory behaviour decreases with body size. 
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To this end, we used detailed individual tracks obtained from light-level geolocation 
(‘geolocators’). To avoid the potential interference from phylogeny and ecology, we limited 
our study to six species of closely related (family Scolopacidae within the order 
Charadriiformes), long-distance (8,000-13,000 km) migratory shorebirds using a single flyway 
(East Asian-Australasian Flyway) across a large size range (50-750 g in lean body mass).  
Methods 
We obtained complete, individual tracking data from six shorebird species: Sanderling 
(Calidris alba), Ruddy Turnstone (Arenaria interpres) (hereafter Turnstone), Grey-tailed 
Tattler (Tringa brevipes) (Tattler), Red Knot (Calidris canutus), Great Knot (Calidris 
tenuirostris), and Far-eastern Curlew (Numenius madagascariensis) (Curlew). All species 
migrate between their wintering grounds in Australia and New Zealand, and their breeding 
grounds in northeast China and Siberia. Detailed information on species and tracking data 
compilation can be found in Table 2 in Chapter 4. 
For body size we used lean body mass (g), i.e. body mass of a bird without any 
migratory fuel, obtained from the literature or, if unavailable, estimated as the median body 
mass of individuals captured during November-December in Australia (unpublished data, 
Victorian Wader Study Group and Australasian Wader Studies Group) and multiplying this by 
0.94 following (Zwarts et al. 1990).  
Four migration variables depicting aspects of the migratory itineraries were extracted 
from the tracks for each individual tracked for both pre-breeding and post-breeding migration 
separately, namely (i) migration speed, (ii) number of staging sites, (iii) total migration 
distance, and (iv) maximum step length. We defined migration duration as the days elapsed 
from the date on which the birds left their wintering grounds to the date on which the birds 
arrived on their breeding grounds. We defined “true” staging sites as sites where birds 
stopped for a duration of at least four days (see Warnock 2010 for definition of staging and 
stopover site) and the number of staging sites (ii) was calculated accordingly. A migratory leg 
is considered to be the journey connecting the subsequent “true” staging, wintering or 
breeding site. Step length (iv) was the distance travelled in one migratory leg via a great circle 
route. Due to the limited resolution in geographic position using geolocators, the step length 
estimation for some short steps may be associated with high errors. To avoid this problem, 
we used the maximum step length during each migration to represent step length. Maximum 
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step length rather than mean or median step length was also considered for other reasons. 
During pre-breeding migration, a few shorebird species fly non-stop for over 5,000 km from 
Australia and New Zealand to the East Asian coast (Chapter 2; Aharon-Rotman et al. 2016; 
Battley et al. 2012), bypassing potential stopover sites on the Pacific Islands. Thereafter, they 
move along the East Asian coast with small steps before flying to their breeding grounds. 
Given the high food availability in the area (Aharon-Rotman et al. 2016), shorebirds are likely 
to take small steps along the East Asian coast during both pre- and post-breeding migration, 
with time and energy-minimization going hand-in-hand. To distinguish between time- and 
energy-minimization, maximum step length compared to the average or median step length 
therefore serves as a better proxy. A longer maximum step would be observed if migrants fly 
non-stop between Australia/New Zealand and East Asia, as opposed to stopping in the 
tropical islands in between. Total migration distance (iii) was the sum of each step length.  
Migration speed (i) was calculated by dividing the total migration distance by the total 
migration duration. As migratory birds at the start of their migration (i.e. wintering grounds 
prior to pre-breeding migration and breeding grounds prior to post-breeding migration) 
commence fuelling before departure on their first migratory leg, this “premigratory” staging 
period should be taken as part of migration (Alerstam & Lindström 1990). This premigratory 
staging period, however, was impossible to ascertain from the tracking data. To ensure that 
any pattern we might detect in migration speed with size was not caused by our subjective 
selection of methods, we endeavoured to use two methods to calculate migration speed, 
naming them as traditional migration speed and partial migration speed. Their calculation 
followed methods in Chapter 4. In brief, traditional migration speed was calculated by 
dividing total migration distance by total migration duration. Partial migration speed was the 
migration speed excluding the first migratory leg, and was calculated by dividing migration 
distance between the first staging site and the wintering/breeding location by the time 
elapsed from the date of arrival at the first staging site and the date of arrival at the 
wintering/breeding grounds. Although partial migration is probably the preferred, unbiased 
estimate of an individual’s migration speed, we consider that collectively the two estimates 
provide a better insight in migration speed variations among the focal species.  
 139 
 
Statistical analysis 
For each of the migration variables (including two estimates of migration speed, number of 
staging site, total migration distance and maximum step length), we used two-tailed paired t-
tests to compare the seasonal difference between pre- and post-breeding migration for each 
species. To further examine if a seasonal difference existed across species, analysis of variance 
(ANOVA) was used. Before performing ANOVA, we firstly checked homogeneity of variances 
across species using Bartlett test. One-way ANOVA was used if homogeneity of variances held 
true, otherwise Welch’s ANOVA was used to account for heterogeneity; both types of ANOVA 
were followed by a post-hoc pairwise multiple comparison test. Considering the unequal 
sample size and heterogeneity in most cases, we performed Games-Howell post-hoc tests 
using the ‘posthocTGH’ function in the R-package ‘userfriendlyscience’.  
To examine if the between-species difference in a migration variable varied in a size 
related manner, we compared three linear models. All three linear models included the 
seasonal difference as the response variable, but with different explanatory structures: 1) 
general linear model, including size as the only fixed factor; 2) general linear mixed model, 
including size as the only fixed factor, fitting species as a random factor; and 3) general linear 
mixed model, including size as the only fixed factor, fitting species as a random factor, and 
also accounting for potential heterogeneity of variances between species. The three models 
were compared and the one with the lowest Akaike information criterion was selected as the 
final model. This procedure was repeated for each migration variable for which 
ANOVA/Welch’s ANOVA revealed a between-species difference. We used the 10-log of lean 
body mass to normalise the body size data. We conducted the linear mixed models using the 
‘lme’ function in R-package ‘nlme’. Accounting for heterogeneity of variances was done by 
specifying there is heterogeneity between species using the ‘varIdent’ function (Zuur et al. 
2009).  
To examine the potential interference of phylogeny, we used a phylogenetic mixed 
model to examine the effect of size on all migration variables that showed a between species 
difference. To this end, we used a Bayesian approach, applying the ‘MCMCglmm’ function 
within the R-package ‘MCMCglmm’. Data were transformed prior to analyses as outlined 
above for linear models. We defined the data distribution as Gaussian for all migration 
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variables. We used a phylogenetic tree based on data provided in Thomas et al. (2004). All 
analyses were conducted using R version 3.2.3 (R Core Team 2015). 
Results 
Migration speed 
For both partial and traditional migration speed most species migrated at similar or faster 
speed during pre- compared to post-breeding migration (Figure S1, Appendix), supporting the 
hypothesis that migrants generally are time-minimizers during pre-breeding migration. The 
faster pre- compared to post-breeding migration speed was significant and most pronounced 
in the smallest sized species, Sanderling and Turnstone (Table 2; Figure 1iA, 1iB). No 
seasonable difference was detected in three medium sized species, Tattler, Red Knot and 
Great Knot (Table 3). The seasonal difference was also significant in the largest sized species, 
Curlew, but the direction of the seasonal difference was opposing with a faster pre-breeding 
traditional migration speed (pre-breeding minus post-breeding: 96 km /d, Figure 1iA) and a 
slower pre-breeding partial migration speed (-87 km/d, Figure 1iB). Collectively, the species-
specific differences between pre- and post-breeding migration speeds resulted in a significant 
decline in the difference in partial migration speed between the two seasons with size (Figure 
1iB and Figure S2, Appendix), supporting our prediction. This was revealed by both the model 
correcting for phylogeny (slope = -143, p = 0.020) and the model without correcting for 
phylogeny (slope = -135, t89 = -5.22, p < 0.001). Seasonal difference in traditional migration 
speed showed a similar tendency of decline with size, but did not reach significance 
(traditional speed correcting for phylogeny: slope = -96, p = 0.220; not correcting for 
phylogeny: slope = -44, t6,93 = -0.79, p = 0.470). 
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Table 2. Details of the six sandpiper species migrating along the East Asian-Australasian 
Flyway between their wintering and their breeding grounds that were tracked using 
geolocators. 
 
Species 
Lean body 
mass (g)a 
Wintering site Breeding grounds  n 
Sanderling  
Calidris alba 
50b South Australia Arctic Russia  12c 
      
Ruddy Turnstone 
Arenaria interpres 
93b Tasmania, Victoria, 
South Australia 
Arctic Russia  60d 
      
Grey-tailed Tattler 
Tringa brevipes 
108e Queensland Russia’s far east  3f 
      
Red Knot  
Calidris canutus 
113g New Zealand Arctic Russia  2h 
      
Great Knot  
Calidris tenuirostris 
135b North Western Australia Arctic Russia  7i 
      
Far Eastern Curlew 
Numenius madagascariensis 
743b Victoria sub-Arctic between 
northeast China and Russia 
 9j 
alean body mass obtained from the literature or bcalculated as the median body mass of individuals captured 
during November-December on their wintering grounds in Australia (unpubl. data Victorian Wader Study Group 
and Australasian Wader Studies Group) and multiplied by 0.94 (Zwarts et al. 1990). cLisovski et al. (2016). 
dUnpubl. tracks from Victorian Wader Study Group, Australia. eJohnsgard (1981). fUnpubl. tracks from 
Queensland Wader Study Group, Australia. gBattley (1999). hTomkovich et al. (2013). iUnpubl. tracks from 
Australasian Wader Studies Group. jMinton and Gosbell (2011). 
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Figure 1. Boxplots 
demonstrating the extent to 
which four migratory 
variables (panels i through 
iv) differed between pre- 
and post-breeding 
migration (based on 
subtracting data for post-
breeding from pre-breeding 
migration for each 
individual bird in the 
analyses) for six sandpiper 
species (along the X-axes) 
migrating along the East 
Asian-Australasian Flyway. 
(iA) traditional migration 
speed (km/d) calculated as 
the total migration distance 
divided by total migration 
duration; (iB) partial 
migration speed (km/d), 
dividing migration distance between the first staging site and the wintering/breeding grounds 
by the total duration from arrival at the first staging site until arrival at the wintering/breeding 
grounds; (ii) number of staging sites; (iii) total migration distance (km); (iv) the maximum step 
length (km). Species along the X-axes are ranked in order of increasing lean body mass. 
Numbers along the bottom of each panel denote sample sizes. The thick line within each box 
and whisker plot represents the median, and the lower and upper box border represents the 
first and the third quantile, respectively. Whiskers denote the lower and upper 95% 
confidence interval. Dots outside the whiskers are outliners above or below the 95% 
confidence interval. In all panels a dotted horizontal line representing no seasonal difference 
is added to assist visual interpretation. The arrows and their associated description next to 
each panel indicates the performance of pre- compared to post-breeding migration. For 
example, in panel (iA) below the zero horizontal line indicates slower pre- compared to post-
breeding migration speed, whereas above the line indicates faster pre- compared to post-
breeding migration. Within species differences between pre- and post- migration were tested 
using paired t-tests asterisks identifying significant differences (p < 0.05 ‘*’, p < 0.01 ‘**’, p < 
0.001 ‘***’). Between species differences were tested using multiple comparison Games-
Howell post-hoc tests and are noted with capital letters, with species not sharing the same 
letter being significantly different. Liner models showed that only partial migration speed (iB) 
varies in relation to lean body mass, with post-breeding migration becoming progressively 
faster relative to pre-breeding migration with an increase in body size.  
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Number of staging sites 
All species made either fewer or a similar number of stops during pre- compared to post-
breeding migration. Although weak in support only, this observation is consistent with the 
prediction that migrants optimize time use when migrating towards their breeding grounds 
(Figure S1ii, Appendix). Tattler, Red Knot, Great Knot and Curlew used a similar number of 
staging sites during pre-breeding and post-breeding migration. The two small species, i.e. 
Sanderling and Turnstone, used more staging sites (Table 3 and Figure 1ii) during post-
breeding migration. This seasonal difference was more pronounced in Sanderling (on average 
two more sites during post-breeding migration) compared to Turnstone (one more site). The 
seasonal difference in number of staging sites did not systematically vary with size. 
 
Table 3. Results of paired-t tests between pre- and post-breeding migration for four migration 
variables in six sandpiper species migrating along the East Asian-Australasian Flyway between 
their wintering to their breeding grounds. Asterisks indicate significant seasonal differences 
(p < 0.05 ‘*’, p < 0.01 ‘**’, p < 0.001 ‘***’).  
 
  Sanderling   Turnstone   Tattler   Red Knot   Great Knot   Curlew  
(i) migration speed       
          Traditional  t11=172.5***  t59=114.2***  t1=80.6  t1=57.6  t6=36.3  t8=99.3*** 
          Partial  t11=74.2***  t59=23.9*  t1=28.8  t1=-6.4  t6=-8.3  t5=-86.4*** 
(ii) Number of staging sites  t11=-1.9***  t59=-0.8***  t2=0.0  t1=-2.5  t6=-0.3  t8=-0.4 
(iii) Total migration distance  t11=-476.2  t59=-210.0*  t2= 1005.9*  t1=-358.6  t6=-379***  t8=-226.1 
(iv) Maximum step length  t11=1798***  t59=1452***  t2= -512  t1=2552  t6=-1154  t8=758* 
 
Total migration distance 
Four out of the six species covered a similar or shorter total distance during post-breeding 
migration compared to pre-breeding migration (Sanderling, Tattler, Red Knot and Curlew, 
Figure S1iii, Appendix), which is in line with our expectation that migrants minimize time use 
and potentially choose a longer but faster route when migrating to the breeding grounds. 
Tattler was the only species taking a shorter route, 1,100km, during post-breeding migration 
(Table 3 and Figure 1iii). Turnstone and Great Knot, however, covered slightly longer distances 
during post- compared to pre-breeding migration (126km and 311km, respectively), refuting 
our hypothesis. The seasonal difference in total migration distance failed to show a size 
dependent pattern. 
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Maximum step length 
Maximum step length was similar or longer during pre- compared to post-breeding migration 
(Figure S1iv, Appendix), consistent with the prediction that migrants might make longer steps 
to optimize time use when migrating towards their breeding grounds. During post-breeding 
migration, Sanderling, Turnstone and Curlew took shorter steps, whereas other species took 
similar length of steps (Table 2, Figure S1iv, Appendix). The seasonal difference in maximum 
step length was significantly higher in Sanderling and Turnstone than Great Knot. We detect 
no size-related pattern in maximum step length. 
Discussion 
Using individual tracking data across six differently sized shorebird species migrating along 
the EAAF, we found support for the hypothesis that, overall and more often than not, 
migrants showed evidence of using a time-minimization strategy during pre-breeding 
migration and an energy-minimization strategy during post-breeding migration. Most species 
displayed one or more of the four seasonal differences, including migrating faster, using fewer 
staging sites, covering longer total distance and making longer steps during pre- compared to 
post-breeding migration. Seasonal difference in the number of staging sites, total migration 
distance and maximum step length did not show any size-related pattern. However, we found 
that the seasonal difference in migration speed, the ultimate indicator of time- versus energy- 
minimization, tended to decrease with body size. This supports our additional hypothesis that 
large species are potentially more time constrained and thus not only adopt a time-
minimization strategy during pre-breeding migration, but also during post-breeding 
migration. This is, to our knowledge, the first study proposing and demonstrating that body 
size plays a key role in shaping migratory behaviours between seasons.  
Migration speed 
The overall similar or higher migration speed during pre- compared to post-breeding 
migration is consistent with the findings in the review by Nilsson et al. (2013). Seasonal 
difference in partial migration speed declined significantly with size. The traditional migration 
speed tended to decline, although not significantly, corroborating the partial migration speed 
results of a decline in migration speed with size. This lack of seasonal difference in large 
species implies that large compared to small species behave more like time-minimizers during 
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both pre- and post-breeding migration. Remarkably, however, instead of migrating at a 
similar speed across seasons, Curlew in fact showed a faster partial migration speed during 
post- compared to pre-breeding migration. This higher post-breeding migration speed can 
possibly be explained by potential differences in environmental conditions between the two 
seasons, such as food availability, day length (Bauchinger & Klaassen 2005) and weather 
conditions (Newton 2010). These differences in environmental conditions between the two 
seasons may not only affect Curlew but also other shorebird species, suggesting that despite 
faster migrations during pre-breeding migrations in the smaller species, conditions for 
migration might in fact be more favourable during post-breeding migration. 
The main food for Curlews at their migratory staging sites consists of various 
crustacean species, such as crabs and shrimps (Piersma 1986; Jing et al. 2007; Finn et al. 2008; 
Dann 2014). Among four studies investigating food abundance along the EAAF during both 
seasons, all (Liu & Li 2003; Purwoko & Wolff 2008; Leng et al. 2013) but one (Gan et al. 2012) 
showed that the density of Crustaceans was higher during post- compared to pre-breeding 
migration. This overall higher food availability during post-breeding migration potentially 
enhances fuel deposition rate in Curlew, contributing to its higher post-breeding migration 
speed.  
Day length may also affect migration speed, where long days may result in higher net 
intake and thus fuel deposition rates as was suggested by Bauchinger and Klaassen (2005) for 
passerines. Although most Scolopacidae, including Curlew, forage during both day and night 
(Dann 2014), their food intake might be more efficient during the day. Indeed, Curlew 
experienced slightly longer days during post- compared to pre-breeding migration, potentially 
facilitating their relatively speedy migration during this season. Conversely, the smaller 
Sanderling and Turnstone, which migrated faster during the pre- compared to post-breeding 
migration, where in fact experiencing longer days during that season. Our data might thus 
suggest an overall effect of day length on migration speed. However, whether the substantial 
differences in migration speed across seasons and species can be entirely explained by 
differences in day length is questionable, given the minute differences in day length between 
the seasons.  
Another potentially important environmental factor in determining migration speed 
is weather conditions and wind conditions in particular. Departing and flying with wind 
assistance enhances flying speed and saves energy and time during migration (Newton 2010). 
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However, the only study investigating such potential differences between seasons at 
Chongming Dongtan in the south Yellow Sea (a stopover site along the EAAF), found that wind 
was on average supportive during both pre- and post-breeding migration in three years from 
2007 to 2009 (Ma et al. 2011). Although large variations existed within seasons, they did not 
find a significant difference in the strength of wind support between seasons. Therefore, 
weather was not considered to be the main driver of seasonal difference in migration speed 
observed in the present study. Rather, it implies that, as we predicted, large species were 
most likely under time selection pressure during not only pre- but also post-breeding 
migration. Future studies investigating seasonal difference in weather conditions along the 
migration route is warranted.  
Total migration distance 
Similar total migration distances during pre- and post-breeding migration do not necessarily 
refute a differential migration strategy during the two seasons (i.e. time versus energy- 
minimization strategy, respectively). Still, longer migration distances during pre-breeding 
migration are considered to be the hallmark of time-minimization and considerably longer 
migration distances (up to 22%) have indeed been found in some migratory species during 
pre- compared to post-breeding migration (Tottrup et al. 2012). In our study such seasonal 
difference was absent in all species but Tattler. Tattlers travelled a significantly shorter 
distance (10%) during post-breeding migration. All three Tattlers migrated via a more direct, 
easterly route when crossing the Pacific Ocean during their post-breeding migration, instead 
of stopping at more westerly islands such as the Philippines as shown during their pre-
breeding migration (Queensland Wader Study Group).   
Seasonal difference in total migration distance has been shown in some species along 
other flyways (Åkesson et al. 2012; Tottrup et al. 2012). The absence of any major seasonal 
difference in total migration distance might also be related to the geography of the EAAF. The 
most direct route traveling between the wintering grounds in New Zealand and Australia and 
the breeding grounds in the Siberian sub-Arctic and Arctic would involve a trans-Pacific 
crossing. This energetically demanding route option is avoided by most species under study 
but Bar-tailed Godwit (Gill et al. 2009; Gill et al. 2014). The next most straightforward route 
involves migrating using the coasts of China, Japan and/or Korea. Coincidently this route 
importantly runs through a region assumed to be one of the world’s most food abundant 
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staging sites for shorebirds (Battley & Piersma 2005), with the Yellow Sea as one of its main 
areas. Not surprisingly, most shorebird species migrate via these staging sites during both 
seasons, resulting in similar total migration distance.  
Maximum step length 
Longer maximum step length during pre- compared to post-breeding migration was recorded 
in Sanderling, Turnstone and Curlew. The longest steps occurred when the shorebirds under 
study crossed the Pacific Ocean from their wintering grounds in Australia to their staging sites 
on the east coast of China, spanning between 4,400 and 9,000 km. This very long jump during 
pre-breeding migration conforms to the prediction of a time-minimization strategy (Aharon-
Rotman et al. 2016). Instead of conducting a similar jump which could take them across the 
western Pacific when migrating back to the wintering grounds, most individuals divided this 
section of the journey into several small steps by stopping at islands in the Pacific Ocean, such 
as Java, Malaysia, Brunei and the Philippines, consistent with an energy-minimization 
strategy. Although apparently engaging in a time-minimization strategy during both pre- and 
post-breeding migration as judged from their migration speeds during both seasons, Curlew 
also made smaller steps during post-breeding than pre-breeding migration. However, the 
difference in maximum step length between the two seasons in Curlew (14%) was smaller 
than in Sanderling (25%) and Turnstone (25%). 
Conclusions 
Although the optimal migration theory proposes that time-minimization is more relevant 
during pre- compared to post-breeding migration, the role of body size in comparing the two 
seasons has never been considered previously. The data presented to some extent support 
our initial hypothesis that large sized species are more time-constrained and thus tend to use 
a time-minimization strategy during both pre- and post-breeding migration.  
Migration is a seriously threatened natural phenomenon and notably so along the East 
Asian-Australasian Flyway, with many migrants being particularly impacted by habitat 
deterioration and loss (Ma et al. 2014), pollution (Tang et al. 2015) and climate changes 
(Iwamura et al. 2013). In migrants these effects are exacerbated because of their ranging 
behaviour and crucial reliance on multiple habitats in the course of their annual and life cycles 
(Wilcove & Wikelski 2008). For example, the reclamation of coastal wetlands in China has 
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already caused a 65% loss of intertidal mudflats coastal land between the 1950s to early 2000s 
(Murray et al 2014). Moreover, sedimentation and sand pumping in the remaining coastal 
wetlands has severely reduced their biodiversity and associated ecosystem services (Ma et al. 
2014), which are speculated to be responsible for the currently observed rapid decline in 
migratory bird population numbers along the EAAF (MacKinnon et al. 2012). In the face of 
these threats and in order to develop optimal conservation strategies, identifying size and 
other species-specific constraints in their migratory behaviour and capacities, may be of 
crucial importance in understanding and in assisting making decisions to mitigate the threats 
of habitat and climate changes. Considering the generally higher time pressure during pre- 
compared to post-breeding migration, the conservation of crucial sites for pre-breeding 
migratory preparation in shorebirds along the EAAF, such as the wintering grounds and 
important staging areas such as the Yellow Sea, are of profound significance to ensure a timely 
arrival at the breeding grounds. Furthermore, relatively large birds, which face high time 
constrains during both pre- and post-breeding migration, may be less flexible still in time and 
site use, of which the recent ongoing population declines in Eastern Curlew may be the 
hallmark. Conservation of their habitat during both seasons is thus crucial for averting further 
population declines. 
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Appendix 
Table S1. Original data of seasonal difference (pre- minus post-breeding migration) for all four 
investigated migration variables for each individual across six sandpiper species migrating 
along the East Asian-Australasian Flyway between the Australia/New Zealand wintering 
grounds and the north eastern China/Russia Arctic breeding grounds. For some individuals 
migrating during equinox, their date arrival at a stopover site cannot be determined and thus 
for them partial migration speed cannot be estimated.  
 
Species 
Migration speed (km/d) Number of  
staging sites 
Total migration 
distance (km) 
Maximum 
step length (km) Traditional Partial 
Sanderling 295-200=95 213-162=51 5-6=-1 14170-13633=537 4801-4296=505 
Sanderling 349-142=206 258-114=144 4-6=-2 14290-13240=1051 4737-3363=1374 
Sanderling 405-233=172 236-209=27 4-4=0 14174-14689=-515 7094-7255=-160 
Sanderling 328-151=177 195-133=62 4-8=-4 13108-13900=-792 7077-5301=1776 
Sanderling 364-201=164 213-169=44 4-6=-2 14205-14841=-636 7179-2827=4352 
Sanderling 312-140=171 226-123=103 5-6=-1 14021-14021=0 5203-5232=-29 
Sanderling 327-149=179 207-129=79 3-7=-4 12768-14710=-1942 7166-4316=2850 
Sanderling 370-231=139 273-194=79 4-5=-1 14432-14535=-103 4860-4148=712 
Sanderling 293-155=138 148-129=19 3-5=-2 12592-14997=-2405 7107-6478=629 
Sanderling 317-157=160 178-138=40 4-5=-1 13960-15088=-1127 7010-5242=1768 
Sanderling 359-139=220 210-114=95 4-7=-3 14008-13750=258 7094-2785=4310 
Sanderling 374-125=249 252-105=147 4-6=-2 14193-14232=-39 6382-2887=3495 
Ruddy Turnstone 329-107=223 170-88=82 3-4=-1 13168-14699=-1531 6161-6894=-734 
Ruddy Turnstone 306-188=118 184-143=41 4-5=-1 12552-14856=-2304 5562-4763=799 
Ruddy Turnstone 259-178=81 244-129=115 5-4=1 14489-14074=415 4271-4929=-658 
Ruddy Turnstone 285-200=85 153-168=-15 3-6=-3 12805-13390=-585 4394-2797=1597 
Ruddy Turnstone 283-198=85 203-154=49 6-4=2 13299-14249=-950 4388-5083=-695 
Ruddy Turnstone 289-182=107 212-135=77 4-4=0 13316-12937=378 4618-6248=-1630 
Ruddy Turnstone 372-133=238 214-110=103 3-4=-1 13007-13466=-459 6439-6999=-559 
Ruddy Turnstone 242-252=-10 112-204=-92 3-3=0 13316-13588=-272 7730-7027=703 
Ruddy Turnstone 283-188=95 144-132=12 3-3=0 13281-13342=-61 4930-5259=-329 
Ruddy Turnstone 273-170=103 139-141=-2 3-4=-1 13646-12926=720 7525-6360=1165 
Ruddy Turnstone 330-108=222 164-74=91 2-5=-3 12865-13547=-682 7935-4478=3457 
Ruddy Turnstone 330-174=157 170-127=43 2-7=-5 13544-14414=-871 7076-5246=1830 
Ruddy Turnstone 360-128=233 216-92=124 3-4=-1 13329-13521=-193 7277-5049=2228 
Ruddy Turnstone 371-103=268 210-81=129 3-4=-1 14114-14579=-464 7613-5263=2350 
Ruddy Turnstone 265-210=56 129-177=-48 3-4=-1 13274-13828=-554 6119-5684=435 
Ruddy Turnstone 364-179=185 143-134=9 2-4=-2 13108-13796=-689 8831-3789=5042 
Ruddy Turnstone 322-185=137 169-162=6 2-5=-3 13191-13315=-124 7125-3552=3573 
Ruddy Turnstone 405-193=212 229-152=77 4-4=0 13370-12964=406 4197-3378=819 
Ruddy Turnstone 375-222=153 240-151=89 4-3=1 13131-12867=264 5039-4304=735 
Ruddy Turnstone 355-211=144 184-190=-6 2-5=-3 13151-14781=-1629 5451-6938=-1487 
Ruddy Turnstone 312-177=135 174-137=38 3-4=-1 12781-12715=67 5504-3368=2135 
Ruddy Turnstone 398-176=221 287-118=169 4-3=1 13920-12872=1047 5586-3737=1849 
Ruddy Turnstone 299-252=46 147-263=-116 3-4=-1 13138-13372=-234 5617-6757=-1141 
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Ruddy Turnstone 381-211=170 214-174=40 3-3=0 13721-12670=1052 7073-3743=3329 
Ruddy Turnstone 364-124=240 242-93=149 4-5=-1 12745-13039=-294 4289-3218=1071 
Ruddy Turnstone 396-201=195 213-152=61 3-4=-1 13056-14464=-1408 3987-4195=-207 
Ruddy Turnstone 330-199=131 174-169=5 3-4=-1 12873-14315=-1443 7119-6107=1012 
Ruddy Turnstone 418-297=121 238-229=9 3-4=-1 12956-13650=-693 4905-5265=-360 
Ruddy Turnstone 313-269=44 149-217=-69 3-5=-2 13141-13199=-58 7788-4461=3327 
Ruddy Turnstone 258-134=124 156-94=62 3-4=-1 14209-13298=911 7365-3506=3859 
Ruddy Turnstone 264-247=18 121-215=-94 2-5=-3 12938-13066=-128 7750-4299=3451 
Ruddy Turnstone 257-215=42 130-181=-51 3-4=-1 13387-13762=-375 7396-4348=3048 
Ruddy Turnstone 260-278=-18 128-220=-92 3-4=-1 13017-13069=-51 5851-3492=2359 
Ruddy Turnstone 283-181=102 142-131=11 3-4=-1 13580-13594=-14 5011-3754=1257 
Ruddy Turnstone 375-213=162 198-172=27 3-5=-2 13488-13398=90 7534-3259=4275 
Ruddy Turnstone 263-182=80 154-126=28 3-3=0 13141-13128=14 6350-4812=1538 
Ruddy Turnstone 277-155=122 144-126=18 3-4=-1 13564-13752=-188 7498-6607=891 
Ruddy Turnstone 253-224=28 124-167=-44 4-3=1 13392-12796=596 4411-6787=-2376 
Ruddy Turnstone 224-186=39 114-131=-18 3-3=0 13239-13004=236 7223-4664=2559 
Ruddy Turnstone 256-160=96 256-114=142 4-5=-1 13580-14088=-508 7214-3428=3786 
Ruddy Turnstone 353-154=200 236-93=144 3-4=-1 13427-13381=45 5669-3962=1708 
Ruddy Turnstone 275-234=42 165-176=-11 4-5=-1 13483-13779=-296 5876-4202=1675 
Ruddy Turnstone 238-129=109 146-98=48 5-4=1 13087-14278=-1191 5500-7288=-1788 
Ruddy Turnstone 304-193=111 163-136=27 3-3=0 13378-13290=88 5611-4256=1355 
Ruddy Turnstone 243-213=29 122-156=-34 5-5=0 13584-13022=563 5680-2247=3432 
Ruddy Turnstone 329-215=113 199-136=63 4-3=1 13141-13120=20 6558-3706=2852 
Ruddy Turnstone 321-284=37 196-238=-42 3-4=-1 14120-13609=511 6860-4217=2642 
Ruddy Turnstone 286-203=83 151-148=3 4-4=0 13166-13604=-438 5422-3488=1934 
Ruddy Turnstone 329-219=110 182-155=26 3-5=-2 14130-13776=354 7227-4325=2903 
Ruddy Turnstone 281-208=73 144-153=-9 3-4=-1 13466-13500=-34 7550-5472=2078 
Ruddy Turnstone 301-189=112 155-143=12 3-4=-1 13238-14571=-1333 7491-3654=3837 
Ruddy Turnstone 377-183=194 209-131=78 3-4=-1 13196-13716=-520 7127-4536=2591 
Ruddy Turnstone 315-159=156 160-113=47 3-4=-1 13241-13395=-154 7626-2955=4671 
Ruddy Turnstone 258-364=-106 120-275=-155 4-2=2 13441-13120=321 7676-8795=-1119 
Ruddy Turnstone 338-293=46 168-232=-64 3-3=0 13200-13170=30 7994-8146=-151 
Ruddy Turnstone 283-227=56 136-187=-51 3-3=0 13303-13169=134 7604-5999=1604 
Ruddy Turnstone 282-162=120 136-136=0 3-5=-2 13252-13624=-372 7670-4325=3345 
Ruddy Turnstone 328-226=102 249-193=56 4-5=-1 13448-13763=-314 3997-5834=-1837 
Ruddy Turnstone 265-163=102 126-119=7 2-3=-1 13228-13182=46 7686-7323=363 
Ruddy Turnstone 317-148=169 228-106=123 3-3=0 13946-13439=507 5051-4322=729 
Grey-tailed Tattler 333-285=49 214-192=23 3-3=0 11665-10816=849 5445-4732=714 
Grey-tailed Tattler 329-361=-32 - 2-1=1 10868-9758=1110 6954-9758=-2804 
Grey-tailed Tattler 373-148=225 170-135=35 2-3=-1 10816-9757=1059 6902-6348=554 
Red Knot 254-158=96 91-150=-59 3-6=-3 14742-15325=-584 10112-6612=3500 
Red Knot 183-164=19 179-132=47 3-5=-2 10988-11163=-175 6333-4730=1603 
Great Knot 341-171=170 247-163=84 3-4=-1 10234-10789=-555 4312-6251=-1939 
Great Knot 191-222=-32 147-184=-37 3-4=-1 9541-9786=-245 4438-4602=-164 
Great Knot 184-146=38 144-124=20 4-4=0 9755-10057=-302 3489-4568=-1079 
Great Knot 171-212=-41 128-183=-55 3-3=0 9729-9968=-239 3500-6203=-2703 
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Great Knot 339-180=159 196-174=21 3-4=-1 9162-9533=-371 4655-3169=1486 
Great Knot 177-186=-9 138-182=-44 3-3=0 9712-10024=-311 3911-4681=-771 
Great Knot 180-212=-32 136-183=-47 4-3=1 9557-10187=-630 3248-6159=-2911 
Far Eastern Curlew 278-168=110 44-149=-105 2-3=-1 9744-10275=-531 8556-7039=1517 
Far Eastern Curlew 229-181=49 30-162=-132 2-3=-1 9404-10110=-706 8377-7039=1338 
Far Eastern Curlew 308-181=127 - 2-3=-1 9852-10656=-803 8477-7287=1190 
Far Eastern Curlew 273-134=138 32-103=-71 2-2=0 9820-9813=7 8891-7491=1400 
Far Eastern Curlew 215-118=97 57-95=-37 2-3=-1 9675-10411=-735 7491-6118=1373 
Far Eastern Curlew 340-162=178 - 2-2=0 9852-9852=0 8477-8477=0 
Far Eastern Curlew 266-189=77 - 2-2=0 9852-9852=0 8477-8477=0 
Far Eastern Curlew 244-157=87 47-148=-100 2-3=-1 9508-9593=-84 7997-7997=0 
Far Eastern Curlew 177-146=31 48-121=-74 3-2=1 10423-9605=818 7997-7997=0 
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Figure S1. Boxplots displaying four migratory variables (panels i through iv) during pre- and 
post-breeding migration for six sandpiper species (along the X-axes) migrating along the East 
Asian-Australasian Flyway. (iA) traditional migration speed (km/d) calculated as the total 
migration distance divided by total migration duration; (iB) partial migration speed (km/d), 
dividing migration distance between the first staging site and the wintering/breeding grounds 
by the total duration from arrival at the first staging site until arrival at the wintering/breeding 
grounds; (ii) number of staging sites; (iii) total migration distance (km); (iv) the maximum step 
length (km). Species along the X-axes are ranked in order of increasing lean body mass. The 
thick line within each box and whisker plot represents the median, and the lower and upper 
box border represents the first and the third quartile, respectively. Whiskers denote the lower 
and upper 95% confidence interval. Dots outside the whiskers are outliners above or below 
the 95% confidence interval. 
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Figure S2. Relationships between partial migration speed and lean body mass (g, log10) for 
six sandpiper species migrating northward along the East Asian-Australasian Flyway towards 
their breeding grounds. Black solid and dashed lines indicate the slope not correcting and 
correcting for phylogeny, respectively. 
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Every year billions of animals across many taxa migrate across the globe. However, over the 
last two centuries our globe has faced some massive human-induced changes, migration has 
become an endangered phenomenon with many migrants experiencing serious declines in 
numbers (Wikelski et al. 2006). The East Asian-Australasian Flyway (EAAF), which supports 
the highest number of shorebird species and individuals (Wilson 2003; Stroud et al. 2006), 
has been no exception and experienced one of the world’s greatest declines in migratory bird 
numbers (Wetlands International 2012). The decline along the EAAF has been primarily 
attributed to habitat loss at some of the major stopover sites in the Yellow Sea. And also 
climate change has been suspected to contribute to the poor performance of many migratory 
shorebird species (Iwamura et al. 2013). To try and avert further species declines and assist 
in optimizing conservation efforts, detailed information on shorebird migration behaviours 
and how shorebirds respond in that behaviour to global change is urgently needed. Focusing 
on long-distance migrant shorebirds, I and my collaborators have addressed the following 
issues and I will integrate and discuss them in detail below: 
1) Obtaining detailed knowledge of stopover site use along the entire migration route 
for Ruddy Turnstone (Chapter 2 and Chapter 3). 
2) How populations change migration behaviours in response to global change (Chapter 
3). 
3) Mechanisms driving the population changes: phenotypic flexibility or microevolution 
(Chapter 3)? 
4) Since migration strategies vary between populations, species and seasons, do general 
seasonal (Chapter 2-5) and size-related (Chapter 4-5) patterns exist?  
Stopover site use 
Evaluating the chain of stopover sites that migrants rely on to complete their annual 
migrations is the first step for species conservation. Large numbers of individual tracks have 
generated a far more complete picture of stopover site use of Ruddy Turnstone along the 
EAAF than existed to date (Chapter 2). We notably found that the role of the southern East 
Asian coast (the Taiwan-Fujian coast) as a key stopover region was hitherto underestimated, 
in line with a recent finding in Lisovski et al. (2016) for Sanderling (Calidris alba). Given that 
long-distance migratory shorebirds adopt a time-minimization strategy during pre-breeding 
migration (Chapter 2-5) and make a 4,500-9,000 km non-stop trans-equatorial flight (Chapter 
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5; Aharon-Rotman et al. 2016a), the southern East Asian coast would be the first large quality 
intertidal area that they can rely on to rest and refuel (Aharon-Rotman et al. 2016b). 
Accordingly, we would expect the southern East Asian coast to potentially be a major 
stopover region for many more migratory shorebird species (Bai et al. 2015), in addition to 
Sanderling and Ruddy Turnstone. This hypothesis is to be confirmed by more extensive bird 
surveys in this region or more individual migration tracks from other species. Considering the 
land reclamation plans for the region, amounting to 1,800 km2 between 2009 and 2020 (Zou 
2009), such survey or tracking studies are urgently needed to assist conservation decision 
making.  
Three different wintering populations of Ruddy Turnstone showed marked difference 
in migration phenology and stopover site use during both pre- and post-breeding migration 
(Chapter 2). This highlights that, although wintering within a relatively small geographic area, 
populations of a species can be exposed to different threats and may thus require population 
specific conservation planning. Moreover, the marked difference in migration phenology and 
stopover site use between the three wintering populations implies that they might also be 
genetically distinct. This finding of different migration patterns between populations again 
shows that geolocators (and other tracking devices) form a perfect tool to further study 
detailed migration behaviours of Ruddy Turnstones and possibly other shorebirds.  
How populations change migration behaviour in response to global change 
Our study shows that migratory behaviour is changing, presumably in response to climate and 
other environmental changes along the flyway (Chapter 3). Pre-breeding migration departure 
from the wintering grounds and arrival at the breeding grounds have considerably advanced, 
possibly in response to Arctic amplification, which is characterised by a faster warming of the 
Arctic compared to the rest of the globe (Screen & Simmonds 2010; Comiso & Hall 2014). We 
cannot resolve whether the advancement in timing of migration made by Ruddy Turnstones 
is adequate to keep up with the changes in resource availability along their migration route 
and at their breeding grounds. Nor do we know if Ruddy Turnstones are capable of adaptively 
responding to further changes, although there is likely going to be a limit to how much more 
they can advance their departure from the wintering grounds.  
What we ultimately want to know is how different behaviours, such as variations 
among populations and changes in behaviour across years, impact the birds’ fitness. It is such 
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knowledge that might also assist us in identifying the migrants’ constraints and ultimately 
allow us to translate climate change scenarios and plans for changes in land use into what it 
would mean for the population dynamics of migratory shorebirds. Future studies should thus 
be carried out to investigate the causal link between migration behaviour and fitness, for 
instance in terms of breeding success. Using geolocators, breeding success of individual birds 
can be inferred at least to some extent (e.g. Gosbell et al. 2012). To do this for all available 
geolocator data of Ruddy Turnstones would be an extremely worthwhile endeavour; if I would 
have had a bit more time for this thesis this would definitely have been the next chapter I 
would have liked to add.  
In addition to migration phenology, Ruddy Turnstone to some extent also changed 
stopover site use during both pre- and post-breeding migration (Chapter 3). This change 
mainly involved reduced visitation of the Yellow Sea and coincided with the rapid and ongoing 
habitat deterioration and habitat loss in this region (Murray et al. 2014). The apparent 
flexibility in terms of the relocation from the Yellow Sea to the southern East Asian coast 
during post-breeding migration agrees with the findings in species with wide ecological niches 
such as Pink-footed goose (Anser brachyrhynchus) (Clausen & Madsen 2016) and Ruff 
(Philomachus pugnax) (Verkuil et al. 2012). These species also moved to other stopover sites 
after habitat deterioration or habitat loss. However, what Ruddy Turnstone displayed was 
shifting within the same intertidal flat habitat (i.e. moving from one intertidal flat habitat to 
another), supporting the expectation that habitat specialists have limited flexibility in site use 
(Yang et al. 2013). This is in agreement with the finding in both Red Knot and Great Knot, 
being intertidal specialists, remaining in the Yellow Sea region following reclamation (Moores 
et al. 2008; Rogers et al. 2010). Almost per definition, an alternative site is less good than the 
original site, assuming that the birds always try and use the best possible strategy and sites. 
Thus, shifting to a new site does not mean that body condition and fitness are not 
compromised (Burton et al. 2006). Especially if the site they are moving to is also suffering 
from habitat deterioration, as is the case for Ruddy Turnstones. Indeed, Ruddy Turnstone has 
experienced a 6% annually decline between 1992 and 2008 (Wilson et al. 2011). All in all, we 
should not be overly enthusiastic about the observed “flexibility” in site use and optimistic 
about its ultimate effect on the population.   
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Mechanisms driving the population changes: phenotypic flexibility or microevolution  
Individuals showed limited flexibility in site use between years, phenotypic flexibility thus 
contributing little if it all to the change of site use at the population level (Chapter 3). This 
suggests microevolution is driving population changes. As for the population’s advanced pre-
breeding migration phenology it was a lot harder to conclude whether phenotypic flexibility 
or microevolution contributed to these changes. This is mainly because we cannot firmly 
conclude that within-individual variations in migratory behaviour reflect individual 
phenotypic flexibility rather than a temporary geolocator effect. Distinguishing individual 
phenotypic flexibility and a potential geolocator effect would require tracking more 
individuals in more than two years. Our study also suggests that geolocators should be 
deployed earlier rather than later in the season to reduce the influence of their attachment 
on migration phenology. An apparent straightforward task, but one that would require huge 
investments of time by many volunteers to achieve.  
Tracking a large number of individuals in multiple years would also provide 
information on variation in individual flexibility. Examining individual flexibility characteristics 
and their associated breeding success can provide further insights into the microevolutionary 
process. Specifically, individuals may differ in the extent of their flexibility in terms of both 
the direction and the strength of their response (Brommer et al. 2005; Nussey et al. 2005a; 
Nussey et al. 2005b). Depending on the prevailing conditions, individuals with specific 
flexibility characteristics might be selected for, thus affecting the direction and speed of the 
micro-evolutionary process. Measurement of individual changes across years and individual 
repeatability therefore assists in disentangling these alternative mechanisms (Nussey et al. 
2007), providing additional insights that may aid in predicting population responses to 
environmental change (Przybylo et al. 2000; Nussey et al. 2005a; Nussey et al. 2007). 
Size-related and seasonally different migration patterns 
Our studies indicated that both season and body size played a major role in shaping migration 
behaviour. Both Ruddy Turnstone (Chapter 2-5) and other shorebird species (Chapter 4 and 
5) adopted a time-minimization strategy during pre-breeding migration, supporting the 
optimal migration theory. Given the high time pressure during pre-breeding migration, any 
habitat loss or deterioration, or occurrence of adverse weather conditions along their flyway, 
could potentially affect the shorebirds’ timely arrival at the breeding grounds and ultimately 
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affect breeding success. Since large species’ migration speed is limited (Chapter 4) and they 
take more time to breed and moult, they are also more likely to be under high time-selection 
pressure during post-breeding migration (Chapter 5). Given these year-around time 
constraints, carry-over effects are possibly more pronounced in large species, any delay in 
post-breeding migration having negative cascading effects on the subsequent pre-breeding 
migration and following breeding season. Small species are also time constrained by breeding 
at high latitudes, allowing for a very narrow time window for reproduction. But, since small 
species are less time constrained during post-breeding migration, adverse experiences during 
post-breeding migration might be less likely to carry-over to subsequent pre-breeding 
migration and subsequent breeding. This hypothesis, however, remains to be tested. 
Conservation along the EAAF 
For long-distance migratory shorebirds along the EAAF, the conservation of the wintering 
grounds and the major stopover regions, e.g. along the East Asian coast, are of prime 
importance (Chapter 2 and 3; Aharon-Rotman et al. 2016). Given the high time selection 
pressure (Chapter 2-5), and the limited flexibility in shifting sites (Chapter 3), the “No Net 
Loss” and “Offsetting” policies, which mitigate habitat deterioration or habitat loss by 
creating new wetlands, should only cautiously applied for long-distance migratory shorebirds 
along the EAAF.  
To facilitate conservation, any developmental plan should be carefully evaluated 
before being approved, and an adaptive management approach should be adopted. This 
approach should involve monitoring the project and achieving the desired outcome by 
iterating the process of developing goals, trying different actions, monitoring the outcomes 
and improving the project based on the outcomes (Salafsky et al. 2016). In the case of 
conservation of shorebird migration, the adaptive management should take monitoring 
results into account to predict how these development plans impact the affected shorebirds. 
As an illustration, beach-wrack harvesting industry in South Australia, which plans to remove 
beach cast seaweed, and the reclamation plan at the East Asian coast (Zou 2009; CCICED 
2010), are likely to impact shorebirds fuelling rate, daily movement, and migration departure. 
Such potential impacts should be monitored and assist in making policy decision and 
minimizing the adverse impacts on shorebirds. The parties proposing these development 
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plans should contribute to these assessments, and for instance fund tracking devices to 
monitor the shorbirds’ responses and assist in developing a sustainable plan.  
A close coordination between regions along the flyway is also a prerequisite. The 
conservation of long-distance migrants is challenging in terms that they rely on a series of 
suitable sites that may span across continents and jurisdictions. Habitat deterioration or 
habitat loss at any of these sites might carry-over to subsequent performance at subsequent 
sites and ultimately translate into fitness consequences. Conservation of flyways thus cannot 
be realized without a joint conservation effort involving all jurisdictions along the entire 
flyway. Some networks targeting conservation across regions have been developed, such as 
the Global Convention on Migratory Species (http://www.cms.int/en/legalinstrument/cms), 
the East Asian-Australasian Flyway Partnership (http://www.eaaflyway.net/) and the Arctic 
Migratory Birds Initiative (http://www.caff.is/arctic-migratory-birds-initiative-ambi). By 
integrating research into adaptive management plans and reinforcing networking across 
jurisdictions, we may stand a much better change to sustain the migration along the EAAF. 
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